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Objetivos  
La presente Tesis Doctoral se enmarca en la línea de investigación Películas 
Superficiales y Organización Molecular: Dispositivos Electroluminiscentes y 
Sensores De Gases del grupo FQM-204 de la Junta de Andalucía. Los objetivos 
concretos que se persiguen son: 
1. Fabricación de estructuras bi-dimensionales bien definidas en la interfase aire-
agua, mediante la preparación de películas superficiales mixtas formadas por 
moléculas con buenas propiedades luminiscentes tales como complejos 
metálicos de transición, derivados de rodaminas, hemicianinas… con 
diferentes lípidos que actúen de matriz, en relaciones molares adecuadas, con 
objeto de crear monocapas estables y susceptibles de ser transferidas a 
soportes sólidos. Los colorantes y lípidos tendrán carga opuesta y de esta 
manera, mediante interacciones atractivas entre ellos, se controlará la 
organización lateral del sistema, así como la auto-agregación de los emisores 
mediante un balance adecuado entre el tamaño de los grupos hidrofóbicos y 
los grupos polares. La organización molecular en estas monocapas se 
investigará mediante técnicas espectroscópicas y microscopía. 
 
2. Transferencia de las películas formadas en la interfase aire-agua, manteniendo 
su organización, a distintos tipos de soportes sólidos (vidrio, cuarzo e ITO) 
mediante las técnicas de deposición vertical, Langmuir-Blodgett, y horizontal, 
Langmuir-Schaeffer, tanto en monocapa como en multicapas de igual o 
diferente naturaleza, controlando en este último caso la distancia entre los 
grupos funcionales. La caracterización de las películas transferidas se realizará 
haciendo uso de técnicas espectroscópicas. 
 
3. Análisis de la organización molecular de las estructuras bidimensionales 
formadas, así como de su influencia sobre las propiedades ópticas y de 
transferencia de carga de los emisores empleados. Se realizarán medidas de 
transferencia de energía entre componentes fijados en películas organizadas, 
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bien coexistiendo en la misma monocapa, o bien situados en diferentes 
monocapas (transferidas de forma alterna sobre el mismo soporte), 
modificando tanto la distancia de separación como la orientación y agregación 
de donador-aceptor. Estas medidas se llevarán a cabo mediante diversas 
técnicas espectroscópicas. 
 
4. Diseño, fabricación y estudio de dispositivos optoelectrónicos tales como 
diodos orgánicos (OLEDs) o células electroquímicas iónicas (LECs), así como 
dispositivos fotovoltaicos (células solares). La preparación de las películas que 
conforman el dispositivo tendrá lugar mediante técnicas superficiales como 
Spin Coating o Meniscus Coating. Una vez conseguidos dispositivos sencillos 
basados en estas películas, se someterán a modificaciones en su estructura con 
el fin de mejorar la eficiencia del dispositivo, mediante la inserción de otras 
capas con funciones concretas. Con este objetivo, se estudiará la viabilidad de 
fabricación en tándem, el estudio de la capa generadora de carga (CGL) que 
interconecta las diversas unidades, así como el estudio de nuevos materiales. 
El funcionamiento, eficiencia y longevidad de los dispositivos fabricados se 
valorarán mediante espectroscopía de fluorescencia y electroluminiscencia, así 
como curvas L−I−V y curvas L−I−t (en dispositivos electroluminiscentes) o 
curvas (J - V) y conversión fotoeléctrica incidente (IPCE) (en células solares). 
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Nothing in life is to be feared, it is only to be understood. Now is the  
time to understand more, so that we may fear less. 
Marie Curie 
 
 
 
Science is the great antidote to the poison of enthusiasm  
and superstition. 
Adam Smith 
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Abstract 
   
 The evolution of technology has to meet the energetically needs of actual 
societies and be respectful for the environment through a sustainable and efficient use 
of energy. In this context organic electronic represents a promising technology. 
Organic semiconductors are abundant, easy to fabricate and their properties can be 
easily tuned. In the form of thin films, they exhibit interesting electronic and magnetic 
properties, which in many cases result from the specific molecular organization and 
interactions of their components. A low cost organic alternative to the classical 
lighting systems are the light-emitting electrochemical cells (LECs),. They require 
only one ionic emitting layer, are processed at ambient conditions and are compatible 
with air stable electrodes, avoiding rigorous encapsulation in inert atmosphere. 
Recently, LECs have shown high luminance, high efficiencies and relatively high 
stabilities when specific emitters were used. However, their slow response, their self-
limiting nature and the absence of efficient white light emission, remain the 
limitations preventing their application in general  lighting. On the other hand, organic 
thin films can also be used in photovoltaics, which represents an abundant and low 
cost alternative to the silicon established solar cell technology. Nevertheless, their 
record efficiency (~ 12%) is still below the requirements for a massive application. 
This suggests the need of new materials and configurations to achieve efficiencies 
close to those obtained in inorganic Si-cells (20 - 25%) but reducing the 
manufacturing costs. 
 
 In this Thesis, thin films are studied from two different points of view: as 
organized ultra-thin systems containing UV-Vis absorbing molecules, frequently used 
in many optoelectronic devices; and as interlayers in LECs and OPV devices. In the 
first case, two superficial techniques, the Brewster Angle Microscopy and the UV-Vis 
Reflection Spectroscopy, are studied in order to obtain useful information from such 
highly organized systems. A new detailed description of the theoretical treatment 
needed for each technique is presented, which provides, through a relatively simple 
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method, structural information of the molecules and their interactions in the 
monolayer, such as the molecular aggregation, tilt angle and position of those 
absorbent groups. Additionally, we have studied the influence of specific thin films in 
LECs and OPV as key components to overcome some of the main limitations of these 
devices. Hybrid organic-inorganic LECs are proposed as a possible alternative to 
avoid the large turn-on times usually observed in such devices, by changing the 
injection barrier at the electrode interfaces. The incorporation of air-stable metal oxide 
interlayers is shown to be useful for obtaining LECs with high luminances, high 
efficiencies and instantaneous switching. Additionally, such interlayers are suitable for 
the preparation of simple tandem structures, where a metal/metal-oxide interlayer is 
enough to interconnect electrically both units without the requirement of complex 
charge generation layers (CGL), leading to the first efficient white tandem-LEC. 
 Finally, organic thin layers are proposed as effective blocking components in 
hybrid organic-inorganic perovskite based solar cells (PSC). The use of an electron 
blocking polymer and a hole blocking molecular material are shown to improve 
substantially the performance of the cells. The combination of this new and highly 
efficient hybrid organic-inorganic perovskite material with a suitable organic 
architecture seems to present advantages from both organic and inorganic materials, 
enabling the preparation of very efficient flexible or semitransparent devices. 
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1. Organic thin films  
 
 Technology involves the manipulation of the environment to meet human needs 
such as food, shelter, health and communication. In the last 10,000 years the 
development of various technologies affected societies facilitating their adaptation to 
the environment. Nevertheless, in the last centuries, technology has experience one of 
the most impressive advances in human history. Since the Industrial Revolution and 
the later development of the electricity and artificial lighting, our society experienced 
the change to an industrialized system, where a new way of communication was 
emerging with the development of trading. New advances in the knowledge of basic 
sciences, such as physics and chemistry, laid the foundations for modern science and 
technologies, followed by the establishment of energetic supplies. The radio, the radar, 
the telephone or the magnetic storage of data were the first evidences of the modern 
society that was germinating in the early 20th century. Nowadays we have mobile 
telephones and laptops, we can move to every corner of the planet or be connected via 
internet in real time, we can listen to music or watch a film with very thin and light 
displays or take electrical energy from portable light batteries. Technology is so 
introduced in our lives that we do not consider it special; it is an integral part of our 
daily routine. However, the unsustainable increase in the use of energy, together with 
a very large impact of many industrial processes on the environment, is playing an 
important role in the present level of contamination. Additionally, some of these 
technologies require the use of very expensive and limited mineral resources, limiting 
their global accessibility. It urges a change in both the consumption and production of 
energy, which suggest the search for new environmental friendly alternatives. 
 Organic materials constitute a promising alternative to the actual limited 
inorganic sources as they are abundant, easier to fabricate and reasonably cheap. 
Specifically, organic thin films, which consist on molecularly engineered layers with a 
thickness between 1 nm to a few micrometers, depending on the materials and their 
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application,1 have become increasingly important in the last decades because of their 
technological potential.   
One of the major applications of thin films consists on the modification of the 
surface properties of solids in a cost effective way, finding as well applications in 
microelectronics and magnetic media due to their unique properties in the polarization, 
reflection, transmission and absorption of light. Some common examples are scratch-
resistant coatings for spectacles or anti-reflection coatings for lenses.  Nevertheless, 
organic thin films, specifically organic semiconductors, also present other inherent 
properties that are used in microelectronics, magnetic or optical recording media2 and 
have led to the birth of a new technology called Organic Electronics. Compared to 
traditional inorganic semiconductors like silicon of gallium arsenide, organic 
semiconductors are lightweight, flexible and can be easily manufactured by low cost 
processes, enabling the fabrication of a wide range of low cost electronic devices. 
 One of the main discoveries that allowed the development of such a technology 
took place at the end of 1970´s when Alan G. McDiarmid, Alan J. Heeger, and H. 
Shirakawa discovered the electrical behavior of organic conjugated π systems, 
enabling the rise of “conducting polymers”. Although some of these materials were 
already known, their fabrication as thin films allowed further development and deeply 
research on their properties.3,4 During the following years, new interpretations about 
the transport and doping processes in such organic systems founded the bases for 
organic electronics,5,6 and the first organic light emitting diodes (OLEDs) were finally 
fabricated at the end of 1980´s.7,8 Alternatively, the success of OLEDs soon stimulated 
related technologies, such as organic photovoltaics (OPV) or organic transistors, 
which had already been demonstrated in 1970´s.9-12 Since then, a big deal of progress 
has been made in the understanding of the physical processes that governs the 
operation of these devices. Additionally, an enormous effort has been focused on the 
development of organic synthesis to produce materials with qualities adapted to the 
needs of this new area.3,13 As a result, in the past two decades, the science and 
engineering of organic semiconducting materials have led to the optimization of a 
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range of organics-based solid-state devices, including organic light-emitting diodes 
(OLEDs),14 field-effect transistors,15,16 photodiodes,17 and photovoltaic cells.18  
One of the reasons why thin films show so promising technological potential is 
based on the fact that their physical properties may be very different from those of the 
bulk material, particularly if the thickness is very small. Thin films can exhibit 
peculiar properties mainly due the nano-scale dimensions and the morphology of the 
layer.  
Indeed, due to the high surface-to-volume ratio, thin films exhibit more 
“surface” dependent material properties. Thus, the physicochemical processes at the 
interfaces gain a huge importance in most of the organic thin films applications. 
Interfaces between a metal and an organic material or between two types of organic 
materials possess unique and useful electronic properties that are very interesting for 
fundamental studies and technological applications. Such electronic properties are the 
basis for several emerging technologies, including organic electronics or also bio-
technology,19 and their viability depends crucially on our ability to control and tailor 
those interfaces at the molecular scale. Focusing on organic electronics, the interface 
between thin films may give rise of new collective effects that the individual materials 
do not exhibit, emerging for instance, new electronic states at the interface,20 interface-
localized electron-hole pairs21,22 or very different transport properties on adsorbed 
molecular ensembles respect to the isolated molecules.23,24 Understanding, controlling 
and designing the electronic and optical properties at these interfaces is basic for the 
improvement of the actual and the nascent electronic technologies. 
 Nevertheless, not only the interface phenomena, but also the specific 
composition and morphology of the thin film can be responsible of unique electronic 
and magnetic properties, which are not present at the molecular level. These properties 
can emerge from collective effects among the molecules that form the system. One 
example of this effect is the alteration on the optical properties of thin films due to the 
special interaction between molecules, related with its organization in the film.25,26 
Another example was observed by Naaman and Vager,27 who detected spin selective 
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electron transmission through a self-assembled monolayer (SAM) at inorganic/organic 
interfaces, behaving as spin filter as a consequence of the organic film organization. 
Morphology changes have also been related with different charge carrier mobilities in 
organic solar cells28,29 or with different recombination rates depending on the active 
layer nanostructure.30-32 
 Thus, the developing and improvement of the current and new optoelectronic 
technologies should consider the nano-engineering of thin films. The ability of 
preparing good quality films, with a specific organization, and its controlled 
deposition on a specific material is crucial for the understanding of the physical 
processes that takes place in such basic systems. For this reason scientific and 
technological effort has become increasingly more intense in the set-up of new 
strategies, not only able to control the morphology but also enabling process scale-up 
for large scale production.  
 
 
1.2 Thin film formation techniques 
 
 There are different methods and techniques to fabricate thin layers which differ 
in complexity and in the resulting characteristics of the provided films: thickness, 
morphology, uniformity or even crystallinity.33 
From a fundamental point of view, the processes that occur during the film 
formation will determine the morphology of the layer. Thus, the deposition techniques 
can be classified according to the grade of control on the molecular organization. We 
can find deposition techniques extensively used in the microelectronics industry that 
have a very few control on the film organization, such as spin-coating, sputtering or 
thermal vapor deposition; other techniques allow to have an intermediate control, such 
as chemical vapor deposition or meniscus-coating; and finally, there are techniques 
which allow to obtain well organized monolayers or multilayer structures such as 
33 
 
Langmuir-Blodgett, Chemical Self-Assembly or Electrostatic Layer-by-Layer 
Deposition.  
 Another important consideration for commercialization implies the assessment 
about the cost of the fabrication process or whether the method can easily be adapted 
to continuous coatings, such as direct printing methods and roll to roll (R2R) 
processing. 
 In the following text only those techniques for building thin films which are 
relevant to this Thesis will be described. 
 
1.2.1 Physical control on the molecular organization 
 
Langmuir monolayers 
 A Langmuir monolayer consists on an insoluble spread monolayer of atoms or 
molecules (that is a single, closely packed layer) floating at the liquid-gas or at the 
liquid-liquid interface. In the case of organic monolayers, its formation is possible due 
to the forces of self-assembly existing between the insoluble molecules at the surface 
of a liquid, as suggested by Irwing Langmuir in the late 1910's. Nowadays these thin 
films are intensively studied and represent one of the most useful techniques for 
building new supra-molecular structures and devices with applications in very 
different areas such as non-lineal optic sensors, molecular electronics, photochromism 
or even molecular biology, by modeling biological systems such as lipid membranes 
or immunological systems.34-43 
 The most common Langmuir films consist on amphiphilic monolayers prepared 
at the air-water interface in the so called Langmuir trough. When molecules possess 
both hydrophobic and hydrophilic parts and they are spread on an air-water interface, 
they may orientate themselves in a predictable way, forming a monolayer which 
extends through the entire free surface at the air-water interface.44 
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 Due to the presence of the monolayer, the surface tension at the interface (γ) 
decreases compared to the clean water (γ0). It is then useful to introduce a new 
parameter called surface pressure (π), which is defined as: 
π = γ0- γ (1.1) 
If the monolayer is compressed reducing the interface area by a mobile barrier, 
the molecular density increases, leading to a change in the surface pressure, which can 
be related with a change in the organization and morphology of the molecules. The 
graphical representation of π versus the molecular area (Am) at the air-water interface 
at constant temperature is called π-A isotherm, and it contains information about the 
stability, organization and interactions between molecules in the monolayer. 
 
 
Fig. 1.1. Left: Langmuir trough with a spread Langmuir monolayer. Right: π-A isotherm 
obtained during the compression process of the monolayer. 
  
The π -A isotherm contains different regions related with different phases of the 
monolayer (ideally they are gas (G), expanded liquid (EL), compressed liquid (CL) 
and solid phase (S)),44 as well as transition zones (Ti) where the system changes phase.  
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The number and complexity of the phases depend on the intermolecular 
interactions and the experimental conditions used. When the system reaches the 
maximum compression in the monolayer it starts collapsing, experimenting more 
complex processes such as its breaking or the formation of multilayer regions. This 
process is called “collapse” and the surface pressure is called “collapse pressure” (πc). 
Another important parameter is the limit value of the molecular area (Al) which is 
obtained by extrapolation of the region with the highest slope in the π – A isotherm to 
π = 0 mN m-1. The Langmuir trough and the compression process are represented in 
Fig. 1.1. 
 Nowadays, a huge variety of molecules can be used in the preparation of these 
thin films, including not only amphiphilic but also semi-amphiphilic, macromolecules 
such as polymers or even molecules that are soluble in water, by using the specific 
intermolecular interaction existing in the system. All these methods open up amazing 
possibilities for further controlling the architecture of monolayers and creating new 
properties which may be tunable through controlling the packing density and the 
extent of neighbor-neighbor molecular interactions.  
 
Characterization techniques 
 There is a large variety of techniques used to characterize the Langmuir 
monolayers at the air-water interface. In the following subsections the most relevant 
techniques for the work described in this Thesis are highlighted. 
  
Reflection Spectroscopy 
Reflection Spectroscopy is based on the change in reflectivity (∆ܴ) at the air-
water interface when it is covered with a Langmuir monolayer, compared with the 
reflectivity in the absence of monolayer. Fig. 1.2 shows a schedule of the process. 
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Fig. 1.2. Reflection process at the air-water interface. 
  
 The reflectivity (R) at the air-water interface is defined as the ratio between the 
reflected light and the initial incident light.45 This ratio depends on several parameters 
such as the polarization of the incident light or the incident angle respect to the normal 
of the interface. On the other hand, the reflectivity of a monolayer is also related with 
its capacity to absorb light. The magnitude of an electronic absorption band is 
determined by the so called “oscillator strength”,46 ƒ, which is a parameter that relates 
the total absorption of a band with the absorption of the equivalent classic oscillator: 
 
ƒ ൌ ସఌబଶ.ଷ଴ଷ௠೐௖బ
ேಲ௘మ
׬ ߝ݀߭
 
௕௔௡ௗ ൌ 1.44 ൈ 10
ିଵଽ ׬ ߝ݀߭
 
௕௔௡ௗ  (1.2) 
 
where ε is the molar absorptivity (mol·L-1·cm), ε0 is the vacuum permittivity 
(Cul2·s2·Kg-1·m-3), me and e are the mass (kg) and the electrical charge of an electron 
(Cul), c0 the speed of light in vacuum (m·s-1) and NA the Avogadro number 
(molec/mol). Electronic transitions allowed by the spectroscopic selection rules will 
lead to values of ƒ ≈ 1, while those that are not allowed will lead to values of ƒ << 1. 
 Let us consider a non-polarized incident light, perpendicular to the interface. 
When the magnitude of absorption and reflection is low enough, the following 
approximation holds:47 
 
ܴ஽,ௌ ൌ ܴௌ ൅ ܴ஽ ൅ ܣ√ܴS    (1.3) 
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RS and RD,S being the reflectivities of the interface in the absence and presence of the 
monolayer respectively, RD the reflection due to the monolayer by itself and A the 
absorption of the monolayer. As can be deduced from this expression, there is an 
increase in the reflectivity due to an absorption in the monolayer, which is assumed in 
the term ܣ√ܴS. Additionally, ܴ஽ ൎ ܣ ൈ ܣெ/4, AM being the maximum absorption of 
the monolayer. Thus, the difference in reflectivity (ΔR), which is obtained directly 
from the experimental measurement, can be expressed as:  
 
∆ܴ ൌ ܴ஽,ௌ െ ܴௌ ൌ ܣ ቀඥܴௌ ൅
஺ಾ
ସ
ቁ ൎ ܣඥܴS  (1.4) 
where the term AM/4 can be neglected as the absorption of a monolayer is normally 
very small. Additionally, taking in consideration the relation between absorption and 
absorbance, we can deduce the final expression for the reflectivity to be: 
 
∆ܴ ൌ 2.303 ൈ 10ଷ ൈ ƒ଴ߝ߁ඥܴௌ ൌ
ଶ.ଷ଴ଷൈଵ଴భళ
ேಲ ௌ
ൈ ƒ଴ߝඥܴௌ  (1.5) 
 
where Γ=1014/(NA·S) is the surface concentration (mol·cm-2), which depends on the 
area per molecule S (nm2/molecule), and ƒ0 is the orientation factor, which takes into 
account the change in the averaged transition dipole of the molecules when they move 
from solution to the interface.48  
 By combining Eqn 1.2 and 1.5 it is possible to obtain the value for the oscillator 
strength of the monolayer by integrating the measured reflection band: 
 
ƒ ൌ ଵ.ସସൈଵ଴
షభవ ேಲ
ଶ.ଷ଴ଷൈଵ଴భళ ƒబ ඥோೄ
׬ ∆ܴ ൈ ܵ ݀߭
 
௕௔௡ௗ ൌ
ଶ.଺ൈଵ଴భమ
ƒబ
׬ ∆ܴே ݀߭
 
௕௔௡ௗ   (1.6) 
  
 In this expression ∆ܴே ൌ  ∆ܴ ൈ ܵ takes into account the increase on ∆ܴ when 
compressing the monolayer due to a change in S, avoiding its influence during 
compression. Thus, if ΔRN decreases when compressing the monolayer, it can be 
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explained by two different phenomena: the loss of some molecules to the subphase, or 
a reorientation of the molecules in the monolayer. As a consequence, assuming no loss 
of molecules to the subphase, Eq. 1.6 allows the evaluation of changes in the 
orientation of the transition dipole with the compression of the monolayer, thus 
obtaining information about their organization. 
 
Brewster Angle Microscopy (BAM) 
This technique is based in the polarization induced by reflection that takes place 
when an incident non-polarized radiation is refracted at an interface between two 
materials (n1 and n2) with a refracting angle perpendicular to the incident light. Under 
such conditions, if the refractive indexes of both materials are n1< n2, the parallel 
component of the electric field (p-) in the reflected light is zero, or equivalently, the 
reflected light is s-polarized, and the incident angle is called Brewster Angle (θB). The 
value of θB can be calculated by using the Snell´s law: 
 
 tan ߠ஻ ൌ
݊ଶ ݊ଵൗ   ሺ݊ଶ ൐ ݊ଵሻ  (1.7) 
 
The air-water interface presents a value for θB = 53.1º. Experimentally, the 
BAM technique uses a p-polarized light that affects the air-water interface at 53.1º, so 
the reflected light is zero. Nevertheless, when a monolayer is spread at the same air-
water interface, a new interface between air-monolayer will appear, with n1 = nair and 
n2 = nmonolayer, modifying slightly the θB value, thus reflecting a low part of the 
radiation at an incident angle of 53.1º (see Fig. 1.3). 
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Fig. 1.3.  Physic principle for Brewster Angle Microscopy (BAM). 
 
 As a consequence, the reflected radiation is originated directly from the 
monolayer. Moreover, organic monolayers are often anisotropic films, showing 
different polarizabilities depending on the direction (parallel or perpendicular) respect 
to the molecule axes (so different refractive indexes nx, ny, nz). Under these conditions, 
by using a special detector (camera), the BAM technique can be used to obtain 
information about the changes in the morphology of the film during its compression, 
allowing the direct observation of the optical anisotropy existing inside the monolayer 
domains.  
 
Langmuir Blodgett and Langmuir-Schaefer techniques 
 There are several techniques to transfer the monolayer from the air-water 
interface to a solid substrate49-51 but the most popular methods are the Langmuir-
Blodgett (LB) and the Langmuir-Schaefer (LS) depositions.34,35,52-54 These two 
methods differ basically in the orientation between substrate and monolayer during the 
transference. Thus, LB consists of a vertical deposition technique, where the 
monolayer and the substrate are perpendicular between them. During the transference, 
the substrate crosses slowly the interface and the monolayer starts transferring to it. 
Depending on the initial phase (air or water) from which the substrate starts moving, 
the monolayer is transferred with the hydrophobic or hydrophilic region close to the 
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solid substrate. On the contrary, the LS technique is based on a horizontally deposition 
where both monolayer and substrate are parallel to each other.  Once the substrate 
touches softly the interface it moves out, carrying with it a deposited monolayer. In 
Fig. 1.4 it is shown both processes in more detail.    
 
 
Fig. 1.4. Langmuir Blodgett and Langmuir Schaefer transference processes. 
  
 In order to quantify the effectiveness of the transference it is useful to define the 
transference ratio (τ) as the ratio between the area of the monolayer lost due to the 
transference and the area of the covered substrate, τ = AL/AS. For an ideal transference 
τ=1, which means that the 100% of the substrate has been covered. 
 The films obtained can be highly organized ranging from an ultrathin 
monolayer to multilayer structures built up of hundreds of monolayers and combining 
different properties. These properties, together with the precise control of the 
monolayer thickness and the homogeneous deposition, make it a very suitable 
technique for preparing organized thin films. 
 
1.2.2 Techniques with low control on the molecular organization  
 
Spin coating 
 This technique is a widespread practice in modern science and engineering.55,56 
The various steps involved in the process are illustrated in Fig. 1.5(a). A quantity of 
solution is first placed on a planar substrate, which after some seconds is rotated at a 
fix speed of several thousand revolutions per minute. As the substrate rotates, the 
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solution flows radially outwards reducing the fluid layer thickness, leading to uniform 
and homogeneous films after the evaporation of the solvent. The main parameters that 
determine the final thickness and quality of the films are the viscosity and density of 
the solution, the rotating speed (r.p.m.), as well as the temperature during the process. 
It is a relatively high reproducible technique, fast and easy to use, as well as very 
cheap compared to other alternatives. Nevertheless its discontinuous character and the 
appearance of film imperfections due to non-perfect substrate wetting, makes it not so 
desirable for industrial applications. 
 
Meniscus coating 
 In this technique capillary forces are used to place a volume of the solution in 
between the substrate and the bottom of a flat blade (~ 3 by 20 mm) with a very small 
gap (< 0.2 mm) between them. The drop is maintained within the gap creating the so 
called meniscus, which is stretched when moving the blade over the substrate, leaving 
behind a thin film of the organic material.57 The resulting dry film thickness is 
primarily determined by the drawing speed of the blade and its distance to the 
substrate, as well as the solution parameters such as density, viscosity and contact 
angle. Uniform coating thicknesses can be obtained without the need for precise 
mechanical specifications or adjustments.58 The entire process is illustrated in Fig. 1.5 (b).  
 
 In a lab-scale meniscus coater the deposition implies a discontinuous method, 
but it can be easily adapted to a continuous process for industry.59 This technique 
allows the preparation of reproducible films, with homogeneous thicknesses as thin as 
20 nm by using few amounts of solution (~ 1-2.5 μL cm-2 compared to ~ 15-20 μL cm-
2 in spin-coating, depending on the material). Moreover, as it is less aggressive than 
spin-coating, it becomes a suitable technique for carrying on sequential deposition, 
which is of crucial importance for preparing multilayered systems. All these 
characteristics make meniscus-coating one of the most versatile and simplest 
technique for thin film deposition. 
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Fig. 1.5. a) Diagram of the steps involved in the spin-coating process; b) Illustration of the 
meniscus-coater technique before moving the blade (r = 0 mm/s) and after moving the blade (r 
≠ 0 mm/s); c) Resistive thermal-vapor deposition technique. 
c)
b)
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Thermal vapor deposition: inorganic and organic molecular evaporation 
 
The vapor deposition process takes place normally inside an ultra-high vacuum 
evaporator, which reaches values of pressure between 10-4 - 10-6 mbar. The vacuum 
chamber consists on a metallic or glassy chamber, where the samples are located on a 
sample holder, normally situated in the upper part. Below the sample holder it is 
situated the evaporating material, located in a thermal source from where it will firstly 
sublimate and secondly condensate onto the solid substrate. To control the rate during 
the evaporation and thus the deposited thickness, several film thickness sensors based 
on oscillating quartz crystals are normally located inside the vacuum chamber, close to 
the substrate and the thermal source. Fig. 1.5 (c) shows a schedule diagram about the 
process. 
This technique allows the deposition of inorganic and low molecular weight 
organic materials (metals and their alloys, fullerene...). Nevertheless, one of the most 
interesting approaches is the dual source evaporating process, which allows the co-
evaporation of different materials during the same deposition. As a result, it is possible 
to carry on a sequential deposition free of contaminants, a doping process to modify 
some material´s properties or even the formation of a new material by chemical 
reaction between precursors. Nevertheless the high cost of the process, the waste of 
material and its discontinuous character, are their main disadvantages. 
 
 
1.3 Thin films in optoelectronics: 
Light emitting and photovoltaic devices 
  
 Nowadays, saving energy and reducing the greenhouse gases is being the main 
objective for new technologies, becoming one of the main challenges for sustaining 
the energy demand from developed and developing countries. For this purpose, it is 
necessary to combine the efficiency with low cost technologies, making them more 
easily accessible. In this context, organic semiconductors offer many advantages as 
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they can be really cheap, they allow the fabrication of light-weight and very thin 
devices, their electrical and optical properties can be easily tuned and they can be 
solution processed on flexible and large-area substrates.60,61  
Organic optoelectronic devices are often based on one or more thin films of an 
organic semiconductor sandwiched between two inorganic electrodes, as it is shown in 
Fig. 1.6. The cathode is normally based on a metal or an alloy of metals (Al, Ca, Li-
Al, Mg-Ag…) with a low work function, while the anode presents a high work 
function and normally is transparent to the visible light (such as indium tin oxide 
(ITO) or fluorine doped tin oxide (FTO)) to allow the incoming/ outcoming of light 
though the device. The design of suitable device architectures, as well as the use of 
appropriate materials, would considerably affect the performance of these devices.  
Interlayers inside the device can adopt very different roles, conditioning the 
injection/extraction of carriers (electrons and holes) at the electrode interfaces, their 
transport inside the device or even a desirable charge blocking effect specific for one 
type of carrier. In the case of light emitting or photovoltaic devices, the 
recombination/separation of charges also takes place in a thin film or between two thin 
films (called active layer or active interface), to produce the desirable light or 
electrical current respectively. Although sometimes the same material can play several 
roles, a breakthrough in terms of improved performance was achieved when the 
charge transport inside the device was better controlled by introducing multilayer 
structures62-64 
 A special case is provided by the tandem structure, which combines two 
individual devices one on top to the other, joined though an intermediate layer that 
connects physically and electrically both units in a single architecture. In such 
structures, the intermediate layer has to compensate the carriers generated in both 
single devices by supplying electrons to one unit and holes to the other. For that 
reason it is called “charge generation layer” (CGL) and nowadays is being the focus of 
an important amount of research.65-67  
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Fig. 1.6. Example of a bilayer OLED (a) and a bilayer solar cell (b), where the active layer 
behaves both as charge transporting and as emissive/photoactive material respectively. Figure 
(c) shows a multilayer structured OLED (right). The incorporation of charge transporting 
materials (HIL, HTL, EIL and ETL) facilitates the injection and transport of the carriers when 
the injection barriers are high.  
 
 
  
1.3.1 Some fundamentals 
  
 Organic materials useful for some optoelectronics behave often as insulators 
under a low electric field. Nevertheless, the chemical doping and/or the formation of 
ultrathin organic films provide a possible way to produce organic semiconductors. 
 In the following text an overview of the fundamental models will be given, 
describing the injection and transport in organic materials. The principles are 
discussed only for injection of electrons but it can be adapted for hole/electron 
injection or extraction. Nevertheless, each metal/semiconductor interface presents 
different chemical interaction and inherent material´s properties, being necessary to 
analyze each system case-by-case.68-70 
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Carrier injection/extraction at the organic/metal interface. 
 When a metal and a semiconductor (with different work functions, Фm and Фs 
respectively) are placed in contact, there is a redistribution of electrons from one 
material to the other. These transferred electrons accumulate at the interface, leaving 
behind them an electron-depleted region with uncompensated positively-charged 
donor positions (which is called the image force). The generated space-charge 
separation leads to a contact potential (Vo) at the interface, which, once the equilibrium 
is reached, prevents further net electron diffusion through it. As a consequence, the 
energy bands at the region close to interface bends, leading to the appearance of a 
potential barrier which is called the “Schottky barrier height” (ФB). This parameter is 
related with the energy barrier that electrons may overcome to cross the interface and 
is ideally proportional to the difference between the metal-vacuum work function (Фm) 
and the semiconductor-vacuum electron affinity (χ) [Ref]. Nevertheless in real 
interfaces it can be unpredictable due to the specific chemical interactions between 
metal-semiconductor and impurities at the contact. As a consequence of the bending, 
the energy necessary for electrons to cross the metal-semiconductor interface would 
depend on the direction of the flow, leading to the so-called Schottky rectifier 
behavior. (See Fig. 1.7.a).  
 Not all the metal-semiconductor interfaces lead to rectifying contacts, as the 
Schottky barrier can be very low allowing the injection to take place. If under the 
application of an electric field the barrier height at the interface is high enough, the 
transport capability at the organic layer can be faster than the charge injection at the 
electrode, leading to an injection limited current. There are two main models to 
describe the injection in such conditions, which are the Schottky thermal injection,71-73 
via localized levels at the interface due to impurities or structural disordered levels, or 
the Fowler-Nordheim tunneling injection processes (FN),74-76 favored by a local high 
electric field (see Fig. 1.7.b and Fig. 1.7.c).  
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Fig. 1.7 (a) Formation of the Schottky barrier between a metal and a n-type semiconductor. Ec 
and Ev are the edges of the conduction and valence band, respectively. EF and EFS are the 
Fermi level of the metal and semiconductor, respectively; ФB is the Schottky barrier height and 
Vo is the contact potential. Additionally, two possible carrier injection mechanisms at the 
organic/metal interface are shown: (b) Schottky-type carrier injection via structural disordered 
levels or impurities with thermal assistance and (c) Fowler-Nordheim tunneling carrier 
injection with the assistance of a local high electric field (106 – 107 V cm-1). 
 
 
 However, these two models are insufficient to handle disordered organic 
materials77-79 and there is still a lack of satisfactory description of the physical 
processes that govern the charge injection in such interfaces. 
 
 On the other hand, in devices such as OLEDs or solar cells, a good injection and 
extraction of carriers through the electrodes is desired. For this purpose, a suitable 
combination of electrode-semiconductor materials is required to keep the barrier 
height as small as possible. When the barrier height is very low, the charges can be 
injected easily and the current is no more inject-limited. In this situation the current 
flow is governed by the Ohm´s law. There are different strategies to achieve such 
situation. For example in OLEDs, it is usually to inject electrons from a low work-
function contact and holes from a high work-function contact to decrease the barrier 
height potential between the electrode and the active layer. Another approach is to 
incorporate additional interlayers with energy levels that are between those 
corresponding to the work function of the electrode and the HOMO/LUMO of the 
active layer, depending on the type of carrier to be injected (holes or electrons 
respectively). Hence, it is often the use of hole transporting layers (HTL) close to the 
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anode, and electron transporting layers (ETL) close to the cathode, to minimize the 
barrier and ensure an optimal extraction/injection of carriers from the electrodes to the 
active material (see Fig. 1.6(c)). The presence of those interlayers plays a crucial role 
on the performance of such devices, being indispensable for obtaining the high 
efficiencies. 
  
Charge carrier transport 
 
 The electronic structure of organic thin films are based on the HOMO (highest 
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of 
individual molecules that interact together via Van der Waal´s forces, creating narrow 
conduction and valence bands between them.80 As a consequence, it is frequent to 
describe them by using typical parameters of inorganic semiconductors such as 
electron affinity (Ea), ionization potential (Ip), charge carrier mobility (μh, μe) or charge 
carrier densities (nh, ne), although the amount of carriers and their mobility are often 
very low compared to inorganic materials. 
 
One first consequence of their different nature is that in organic materials 
charges are localized to single molecules and not delocalized in large bands, being the 
carrier transport based on a hopping process from one localized state to the next. The 
transition rate depends on the overlap of the relevant molecular orbitals, which will 
depend on the orientation between molecules and their aggregation, as well as the 
level of disorder of the film. These processes will determine the localization length 
and the energy difference between the hopping sites.81-83  
 
 Once the carriers are inside the device, they travel though the organic layer 
influenced by an applied or induced internal voltage, which guide them to the 
desirable direction. If charges can be injected/extracted without any limitation (Ohm´s 
contacts) the currents will be limited by the bulk properties of the organic film. At 
very low current, the “additional” carriers (na) (injected or generated) are lower than 
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the intrinsic carriers (ni) that are initially in the film, and the current follows the Ohm´s 
law. Nevertheless, if na exceeds ni, the current can be transport-limited. Because of 
impurities or imperfections in the film, there are often electronic states below the 
LUMO, which can trap electrons, decreasing the amount of carriers available for the 
charge transport. This situation leads to a trap limited current (TLC),84 which 
produces a different behavior in the J - V curve depending on the distribution of traps. 
Nevertheless, if enough current is flowing all the traps will become and remain filled, 
leading to a strong increase in the resulting current that can be observed in the J – V 
curve. When there are more injected carriers per unit time than the sample can 
transport, for example due to the low carrier mobility, space charges will appear at the 
organic film and the current will be space charge limited (SCLC)71,85-89 
 
Charge blocking effect 
 
In some cases it is desirable the use of interlayers with a high energy barrier at 
the interface with its neighbor film. In such a situation the carrier transport is limited 
though such interface, leading to a decrease in the whole device current. Nevertheless, 
if the blocking layer is well positioned, it can be used to avoid undesirable losses and 
optimize the main central process in the device, obtaining higher efficiencies. This can 
be explained if the material behaves as a blocker for one type of carrier, for instance 
electrons, but it is a good transporter for holes. These interlayers are called hole 
blocking (HBL) or electron blocking layers (EBL) and have been extensively used in 
OLEDs.90-91 
 
 By combining different interlayers with different charge injection or blocking 
effects it is possible to modify substantially the performance of organic electronic 
devices. 
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1.3.2. Light emitting electrochemical cells (LECs) 
  
 Artificial lighting is one of the primary needs for the development of the social, 
commercial and industrial activities in modern society. The consumption of electrical 
energy in the lighting sector was ca. 3500 TWh in 2012, corresponding to an 
equivalent CO2 production of 1900 Mt.92 In this context, it is necessary a massive 
change from the conventional technology to efficient and low cost alternatives. One of 
the most developed type of alternative is the organic light emitting diode (OLED)7,8,93 
which has already reached efficiencies very close to the typical values obtained for 
fluorescent tubes.94-96 Nevertheless, high efficient OLEDs are based on multi-layer 
stacks of organic materials which normally requires high vacuum processes and the 
use of reactive metals for an efficient injection of electrons. That implies rigorous 
encapsulation to prevent degradation of the air-sensitive materials and higher 
production costs, undesirable for a large-scale market of lighting.  
 Solid-state light emitting electrochemical cells (LECs) provide a promising 
alternative to OLEDs.97,98 In their simplest configuration they are based on a single 
emissive layer of a polymer (p-LEC) or an ionic transition metal complex (iTMC-
LEC) that contains mobile ions, sandwiched between two electrodes.99-101 When an 
external bias is applied, the ions migrate and accumulate at the electrodes lowering the 
energy barrier needed for the injection of carriers. As a consequence, LECs can use 
air-stable electrodes such as aluminum or gold and can be reduced to a single-layer 
structure, being compatible with solution processing prepared in ambient 
conditions.101-103  Fig. 1.8 shows the main differences between OLEDs and LECs. 
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Fig 1.8. a) State-of-the-art OLED. b) State-of-the-art LEC. OLEDs require multiple layers, 
some of them processed by evaporation under high-vacuum conditions. Air sensitive low work 
function metals or electron injecting layers are needed for efficient charge carrier injection. 
LECs can be prepared from just a single active layer. The movement of ions in the layer under 
an applied bias allows for efficient charge carrier injection from air-stable electrodes. (Taken 
from reference 110). 
 
 Both polymer and iTMC-LECs have experienced a lot of progress in the state-
of-the-art of LECs.97,102,104-109 However, one advantage with respect to polymer-based 
devices is that the ionic complex in iTMC-LECs is responsible for injection, transport 
and emission, allowing in principle for single component devices that do not suffer 
from phase separation.100,101,110-112 Additionally, iTMC are phosphorescent so they can 
harvest both singlet and triplet states, leading to higher efficiencies than fluorescent 
emitters.93,113,114  
 
Operation mechanism: Dynamic Interlayers 
 During the last decades there have been some controversies about the 
mechanism that govern the charge transport and ionic distribution along LECs. Two 
principal models have been intensively discussed and contrasted with the experimental 
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results97,102,115-119 but recent studies have demonstrated that both models are limiting 
cases of a unifying description.120  
 The working principle of LECs implies the movement of the ionic species 
present at the active layer, leading to a continuous evolution of the system. Due to its 
ionic nature, under an applied bias anions and cations migrate to the respective 
electrodes and accumulate at the interface as very thin layers of uncompensated 
charge, forming the so called electric double layers (EDL).115-118 At very low voltage 
(< 2.5 V) the current injection is limited and the luminance is very poor. In such a 
situation the device current is based fundamentally on ionic transport and the diffusion 
of some electronic charge carriers. As a consequence, the entire applied potential 
drops at the EDLs, remaining the bulk of the active layer field-free.120 However, at 
high voltage (> 2.5 V), more carriers are injected and the semiconducting material is 
partially oxidized and reduced, forming redox species that are stabilized by the 
uncompensated oppositely charged ions presented at the electrode interface. These 
oxidized and reduced species are identical to their analogues used in doped organic 
devices, and thus the process is referred to as p- and n-doping. As a result, a p-i-n 
internal structure is formed in a similar way than p-i-n OLEDs, and both injection and 
luminance level increase considerably. 
 
Fig. 1.9. Schematic representation of the operation mechanism of LECs. Before an applied bias 
the ions are randomly distributed. After applying the bias, the formation of the EDLs and the p- 
and n- type zones occurs, leading to the injection and emission of light. 
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 Unfortunately, during device operation these highly conductive doped zones 
grow slowly through the middle region of the LEC, decreasing the remaining intrinsic 
(non-doped) region of the emissive layer.121-123 In this situation, part of the applied 
potential is used for charge injection and the remaining bias drop over the intrinsic 
zone, where emission takes place. That growing of the doped zones constitutes one of 
the main problems of LECs, as the quenching of excitons inherent to doped zones 
produces a decrease in the photoluminescence and efficiency of the device. When no 
precaution is used, doped zones continue growing until both zones make contact and 
no light is emitted.124,125 Different strategies126-131 have been taken to prevent or retard 
the growing of doped zones, trying to fix it once the p-i-n configuration have been 
achieved. Nevertheless it is still one of the main challenges for future advances 
towards a real application. 
 
 
State-of-the-art LECs and challenges 
 
 The main inconvenient of LECs is related to their dynamic nature, which makes 
them self-limiting devices. The need of the EDLs formation increases the turn-on time 
of the device, which is the time needed for detecting light emission since the bias is 
applied. This leads to turn-on times ranging from milliseconds to hours depending on 
the ionic conductivity of the light-emitting layer. Different strategies have been 
adopted to solve that problem,127,132 but one of the most successful consisted on 
driving the device with a pulse current at a high frequency (1000Hz), which allows, by 
retarding the growth of the doped zones during the off-time of the pulse, to achieve 
faster turn-on times (ton < 1 s), longer lifetimes (> 4000 hours at a maximum 
luminance of 670 cd m-2)  and more stable efficiencies over time.130  
 
 Additionally, some LECs can also show a reduced efficiency due to an exciton-
quenching with the presence of impurities or imperfections in the active layer, or even 
if the emission zone is not well centered in the intrinsic region. All these 
disadvantages have been studied by several groups, adopting different approaches 
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such as controlling one carrier mobility with a carrier trap,131 separating physically the 
p-i-n junction in a tri-layer LEC,133 or even using a host-guest approach similar to the 
one used in OLEDs.134-136 
 
 Although some problems have to be solved, LECs are suitable alternatives for 
lighting applications.137-139 Nevertheless, one of the main challenges on that purpose is 
the achievement of white light. There are iTMC-LECs performed on different 
transition metals, 129,140-152 but the most extended used iTMC are the iridium (III) based 
complexes. The structure consists usually on two different ligands: two negatively 
charged cyclometalating C^N ligands, being typically responsible of the HOMO level, 
and one neutral ancillary N^N ligand, responsible of the LUMO level.153,154 This 
archetype-complex exhibits high photoluminescence quantum yields, enhanced 
photostability152,155,156 and its emission can be easily tuned from red to blue by 
modifying chemically both ligands, tuning the HOMO-LUMO gap. As a consequence, 
it has been obtained LEC emission from blue to even infrared.157-168 Nevertheless 
white emissive iTMC-LEC are not so frequent and the efficiency is normally very 
low.163,169-173 One strategy to achieve the white emission consists on mixing a blue-
green host with an orange-red guest, but the low stability and low luminance of blue-
iTMCs, together with the need of deeper blue colors are the main difficulties.170,174 By 
this approach, He et al. achieved a warm white LEC (CIEx,y coordinates (0.40, 0.45)) 
with EQE values of 4.4 % and a luminance value of 115 cd m-2. Additionally Tang et 
al.175 used a conjugated polymer to produce single emitters white LECs reaching an 
efficacy of 3.8 cd A-1. However, the dynamic nature of LECs can complicates the 
stability of white color over time if the active layer contains a mixture of blue and 
orange/red emitting molecules, suggesting the necessity of adopting new strategies for 
achieving stable and efficient white emission.  
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1.3.3. Thin film solar cells  
 The surface of the earth receives, on average, about 1.2 × 1017 W of solar 
power, so more than the global demand on energy of an entire year is received in less 
than one hour from the sun.176 Solar energy for photovoltaic conversion into electricity 
is abundant, inexhaustive and clean, yet nowadays photovoltaic solar cell technology 
represent less than 0.5 % of the produced electricity in the world177 Since the 
photovoltaic effect was first observed by Becquerel E. in 1839,178 and the first silicon 
based p-n junction photovoltaic cell was reported in 1954,179 a tremendous advance in 
their manufacturing and performance have been experienced until now, being 
nowadays extensively used in many applications.180 More than 80% of the solar cells 
in the market in 2010 were based on crystalline and multicrystalline silicon, with 
power conversion efficiencies (PCE) up to 25% and 20.4% respectively.181 
Nevertheless, to become an accessible source of energy ready to play a major role in 
the future energy production, it is necessary to reduce the cost of produced electricity 
by increasing the power conversion efficiency, reducing the amount of absorbing 
material or by lowering the manufacturing cost. 
 There are several emerging technologies that have not seen yet broad 
commercial availability but are still being heavily investigated in the laboratory for 
future applications. Some of these alternatives are the inorganic thin film solar cells, 
which need less active material and reduce some manufacturing costs. The main 
examples are amorphous silicon (a-Si), Cu(InGa)Se2 (CIGS), and CdTe with highest 
PCE of 10.1%, 20.4%, and 16.7%, respectively.181,182 However, the reduced efficiency 
of a-Si, together with the toxicity of cadmium or the limited amount of indium 
reserves suggest that novel alternatives might be found. Another type of thin film solar 
cells are organic photovoltaics (OPVs). They represent a potential affordable energy 
technology which offers the possibility of large-scale production with abundant, light 
and flexible materials, together with properties easy to tune and optimize. The main 
disadvantages in such organic cells are the low efficiencies achieved due to the 
difficulties on extracting the generated charges from the organic material. These types 
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of cells have been extensively studied and a huge amount of materials have been 
tested.17,183-187 As a result, in the last ten years, the highest efficiency obtained from 
organic solar cells has risen from 2.5 to 11 %, a considerable advance in 
performance.188 However, organic photovoltaic efficiencies still lag behind their 
inorganic counterparts and new materials are needed to enhance it.  
 A very new member on the thin film solar cell family is the one using hybrid 
organic-inorganic perovskite materials as the absorber material. The first report on 
solar cells employing hybrid methylammonium lead halide perovskite, CH3NH3PbBr3, 
took place in 2006 in the annual meeting of the International Electrochemical Society 
(IES).189 The cell consisted on a dye sensitized solar cell (DSSC), with a perovskite-
sensitized mesoscopic TiO2 film, which showed a PCE of 2.2%. Three years later the 
efficiency was improve to 3.8% by replacing bromine with iodine and spin-coating the 
perovskite layer on top of the mesoporous TiO2 film.190 These results did not gain 
much attention as all devices were unstable. Two years later, in 2011, again the 
efficiency was doubled to 6.5% by changing the electrolyte formulation and the 
growing of perovskite as nanodots on the TiO2 scaffold.191 Unfortunately, these 
devices were limited by the solubility of the employed perovskite in polar solvent, 
which are used commonly in DSSC. However, they pointed out perovskite materials 
as suitable absorbers for solid state solar cells, especially CH3NH3PbI3, due to its very 
high absorption coefficient over the whole visible solar emission spectrum. Moreover, 
these materials were easy to synthesize, cheap, compatible with solution process 
techniques and presented optical and electrical properties easy to be tuned.192-195 
 Only some months later, by replacing the liquid electrolyte with a solid HTM, 
the first stable, solid-state and high efficient perovskite solar cell arrived, showing a 
breakthrough in efficiency as high as 9.7% and 10.7%.196,197 New results from these 
studies demonstrated that CH3NH3PbI3 was able to transport both holes and electrons, 
and could be used in non-scaffold but single planar thin film cells. Efficiencies over 
12% were achieved in devices where the perovskite film capped the scaffold TiO2 
layer, reducing the thickness of the mesoscopic component to 200-300 nm.198,199 
However, most of the results from perovskite solar cells (PSC) were very 
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irreproducible due to the uncontrolled growing of the material through the solution 
processing method. By improving the morphology of the layer a new record in 
efficiency was soon announced, with values of PCE over 15 %.200,201 At the same time, 
high efficient planar configurations201,202 and HTL-free devices were also 
demonstrated,203 showing the potential of PSC on very simple high efficient 
architectures. At the beginning of 2014 Seok´s group announced an efficiency of 
17.94% by using different perovskite compositions CH3NH3PbI3−xBrx (10–15% Br), 
and some months later a 19.3% efficiency was achieved by Y. Yang´s group,204 which 
is very close to the theoretical limit. 
 Numerous studies appeared in the last two years, showing different 
architectures and compositions of the perovskite active layer, but still a deep 
understanding of the underlying physical and chemical processes is needed. 
 In view of the rapidly advance of PSC field it is appropriate to contextualize 
that the results showed in this Thesis were carried out in the second half of 2013 and 
early 2014. 
 
A hybrid organic-inorganic material:  
Methylammonium lead iodide perovskite (CH3NH3PbI3) 
 
Methylammonium lead iodide is an organic-inorganic crystalline material 
with the generic formula ABX3, which adopts a perovskite structure192 where position 
A is occupied by the organic cation CH3NH3+, and positions B and X are occupied 
with the Pb+2 and the I- ions respectively. Due to the low size of the methylammonium 
compared to other organic cations, the complete structure is a 3D network where 
[PbI6]-4 octahedron share their corners and the organic cation fills the interstitial space 
between them. Fig. 1.10 shows a schedule of the crystalline structure.  
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Fig. 1.10. Crystalline structure of methylammonium lead iodide perovskite. Left: building unit. 
Right: 3D crystalline structure of [PbI6]- octahedron, without including the organic 
methylammonium cation for clarity. 
  
 This hybrid organic-inorganic perovskite presents a band gap of 1.55 eV, which 
makes it a suitable semiconductor for photovoltaic applications, showing really high 
absorption coefficients and a broad absorption spectrum below 800 nm. Its organic-
inorganic nature allows it to combine properties typical from inorganic materials with 
some of the advantages from organic compounds, such as its flexibility. As a 
consequence, this material has shown unique electrical and optical properties that are 
the focus of an intense debate.205-210 
 In most organic materials, the photovoltaic process implies firstly the formation 
of an exciton, which is a strongly bonded electron-hole pair, contrary to inorganic 
solids where free charges are directly generated.211,212 This is mainly due to the low 
dielectric constant in organic materials,213 which favors a high binding energy between 
hole and electron of 0.5 - 1 eV.214 Thus, in order to split the charges, it is necessary a 
built-in potential higher than the binding energy which can be achieved, for example, 
through incorporating an electron acceptor material. In such a case, once the exciton is 
formed, it diffuses to the active interface, where it dissociates into free charges that are 
then transported to the respective electrodes (see Fig. 1.11). Unfortunately, the exciton 
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transport is in competition with other decay processes such as luminescence or non-
radiative recombination to the ground state, limiting the exciton diffusion to an 
specific length, called diffusion length (LD), that in most organic materials is around 
10 nm.17 Different strategies in the state-of-the-art devices are focused on reducing the 
distance to the active interface, minimizing the recombination of excitons.  
 
Fig. 1.11. Diagram of the five steps involved in the photon-to-conversion process in bilayer 
organic solar cells. 
  
 Nevertheless, in perovskite materials the excitons produced by light absorption 
have a very weak binding energy of about 0.03 eV,215 which is comparable to the 
thermal energy (kT) at room temperature. That means that most of the excitons are 
separated into free charges very rapidly. Moreover, high carrier mobilities have been 
measured for electrons and holes, resulting in values of 7.5 cm2 V-1 s-1 and 12.5 - 66 
cm2 V-1 s-1 respectively,216,217 which are much higher than typical mobilities for 
organic materials (10-6 to 1 cm2 V-1 s-1).218 All these characteristics are accompanied 
by very long carrier-diffusion lengths (LD), which prevents free carriers to recombine 
once they have been separated. Compared to organic materials, methylammonium lead 
iodide perovskite has shown diffusion lengths from 10 to more than 100 times higher, 
depending on the method of synthesis,219,220 with some recent results concluding that 
they are even in the range of 3 μm.221 All these characteristics have converted hybrid 
organic-inorganic perovskite in one of the most promising materials for next-
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generation photovoltaic technologies, which is pointing out as a serious alternative to 
the actual market. 
 
Challenges and outlook 
 Organic–inorganic halide PSC has been the most significant development in the 
field of photovoltaic in the present decade. They represent for the first time a real 
alternative to substitute the established inorganic technology, satisfying at the same 
time the need for high efficiencies and low cost solution based manufacturing. 
Nevertheless, there are still some questions that need to be understood and improved 
before advancing one step more in the introduction of these products on the real 
market. 
The rising efficiency achieved by these new solar cells since 2012 have 
considerable impacted to all the solar cell community, and nowadays there is an 
increasing number of groups researching on that topic that produce PSC with very 
good performances. Nevertheless, one inconvenient has highlighted: the influence of 
the voltage background on the cell performance. As a consequence, some of the most 
efficient reported cells have shown a strong hysteresis when they are reversed or direct 
biased222,223 what can lead to overestimated values if they have not been certified.224,225 
The influence of the perovskite morphology on the performance and photocurrent 
behavior of the solar cells is not yet understood, but different methods of synthesis 
leads to different perovskite behavior. Many groups are working now on controlling 
the morphology of the perovskite during the formation process, which is urgently 
needed for carrying on reliable fundamental studies.226,227 
 Additionally, very few reports on stability studies have appeared in the 
literature, which is somehow comprehensible due to the fast evolution of this field. 
However, methylammonium lead iodide perovskite is very sensitive to water and 
degrades easily under humid conditions. For that reason, long term stability tests in 
humid atmosphere as well as temperature dependent studies versus time should be 
carried out, to probe the potential of CH3NH3PbI3 in practical conditions. On the other 
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hand, the enormous potential of PSC relies on the easy processing from solution, the 
low cost of the material as well as their fantastic photoactive behavior. Nevertheless, 
other exceptional properties may be exploited to extend their application from the 
traditional rough solar cell panel to innovative designs, such as portable-flexible solar 
cells for clothes, beach umbrellas… or semitransparent solar cells for building 
integrated windows, tandem structures… with other organic or inorganic photoactive 
materials for highly efficient devices.  For this purpose, new configurations and new 
compatible materials need to be developed to draw on all the perovskite potential. 
 The toxicity is another important point to remark here, as almost the totality of 
perovskite solar cells investigated in the last two years contains lead, which is very 
toxic for the human health and the environment. Moreover, one of the main precursors 
of CH3NH3PbI3 is PbI2, a very carcinogenic compound, partially soluble in water, and 
which is also produced as a result of degradation of the perovskite.  This point gain 
even more importance if photovoltaic technology tends to be a clean and sustainable 
source of energy. Several studies suggested the substitution of Pb+2 by other metals 
such as Sn+2, but very few reports have appeared until now.228-230 
 
 Finally, hybrid organic-inorganic perovskites are very versatile materials, which 
have a lot of possibilities for tuning their properties depending on their composition. It 
is possible to change not only the halide, which have been demonstrated to modify the 
optical properties and stability in air, but also the organic compound, which can be 
very desirable for avoiding the main degradation problem of the perovskite, related 
with the evaporation of the organic CH3NH3+ cation into CH3NH2, gas at normal 
conditions.231-233  
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1.4. About this work 
 
 In the previous Sections the importance of organic thin films in technological 
applications has been pointed out. Thin films have been widely used in complex 
applications such as interlayers in organic electronics or ultrathin nanostructured films 
for gas sensing or magnetic displays. In some cases, the organization of the molecules 
in such films can have an important impact in the performance of the devices, being 
possible the appearance of new properties in highly organized systems. The main 
purpose of this work is to study the influence of interlayers in the performance of 
optoelectronic devices, as well as to introduce some useful studies for the preparation 
and characterization of organized organic thin films composed by typical emissive 
molecules used in optoelectronics, such as Ir-complexes, rhodamine or porphyrine 
derivatives. Nevertheless, the study and preparation of organized thin films are also 
interesting for fundamental studies, to prepare engineered ultrathin films for achieving 
specific desirable properties or, for example, for mimicking organized biological 
systems such as cellular lipid based membranes. For this purpose it is necessary the 
availability of techniques that allow the preparation and characterization of such 
organized systems.  
 
 With that in mind, Chapter 3 is focused on the physical control of organized 
thin films prepared by the Langmuir technique at the air-water interface. This chapter 
starts with a review of one of the most used techniques to characterize the morphology 
of such thin films, the Brewster Angle Microscopy (BAM), from a perspective very 
different than the classical. This study shows the influence of the polar-group in the 
reflectivity of the monolayer, and demonstrates the importance of including this part in 
the theoretical analysis of the BAM pictures. The results are very relevant for the case 
in which the polar group is big and/or absorbs light at the wavelength of the incident 
light source, what can be very frequent when studying absorbent molecules for 
lighting or solar cell applications. Additionally, in this chapter a novel reflection 
spectroscopy method is introduced for obtaining valuable information about the tilt 
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and aggregation of chromophores in the Langmuir monolayers, which are normally 
located in a region hardly accessible by other experimental techniques. This new 
method is based on the Reflection Spectroscopy technique, similar to that with normal 
incidence, but using s- and p-polarized radiation at different incidence angles, 
obtaining reach detail information about the organization in the monolayer. At the 
same time, mixed Langmuir monolayers of Ir-complex / porphyrin derivatives and 
multilayered structures based on this system have been prepared and transferred to a 
solid substrate to study energy transference processes through steady-state 
fluorescence and lifetime measurements. 
  In Chapter 4 the influence of different inorganic thin films as interlayers in 
light emitting electrochemical cells as well as the formation of typical dynamic 
interlayers will be discussed. Although these devices are in principle independent of 
the electrode material used for injecting the charge carriers, additional studies will 
show that the performance can be seriously affected depending on the material used. 
Different metals such as Al or Au, as well as metal oxides such as MoO3 or ZnO will 
be used to tune the emission zone far or close from the electrodes, leading to a change 
in the luminance level. On the other hand, these new inorganic-based interfaces will 
inspire the preparation of white tandem-LEC devices, where no complex CGL is 
needed. Due to the ionic nature of LECs, very thin metallic interlayers lead to the 
generation of dynamically doped regions adjacent to the electrodes (analogue to the 
CGL), resulting in an ideal “self-regulated” junction formation. Thus, by introducing a 
simple metallic interlayer, a new concept of tandem will be shown, extending the 
possibilities for a real lighting application as white-LECs. 
 In Chapter 5 a new photoactive perovskite material (CH3NH3PbI3) will be 
analyzed under the influence of two organic electron and hole blocking layers. The 
development of the perovskite material synthesis through a dual source evaporating 
method, as well as the solution process compatibility of the rest of the sandwiched 
structure, including the charge blocking layers, converts it in a very promising solar 
cell architecture for future applications. This new architecture does not need high 
temperature steps and can be prepared using large coating or printing methods. In this 
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chapter will be shown high efficient flexible perovskite solar cells, where the high 
resistance of perovskite materials to extended bending and thus, its suitability to roll to 
roll processes (R2R) will be demonstrated. Moreover, high efficient single-junction 
semitransparent solar cells will be also prepared, suggesting their use in building 
integrated applications such as facade or colored windows, necessary for self-
sustaining buildings at low cost. 
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2. Metodology & characterization techniques 
All the experimental details related with the content of this memory are 
specifically described in each chapter. A brief description of some techniques and 
global information can be found below. 
All the experiments were carried out in a clean atmosphere, inside two class 
10000 clean rooms, both shown in Fig. 2.1. The evaporation process and the 
characterization of the devices were completed inside an MBrawn glove box to ensure 
an appropriate atmosphere for the non-encapsulated devices (<0.01 ppm O2 and <0.01 
ppm H2O) 
 
Fig. 2.1 Clean-room class 10000 at the Molecular Science Institute, at the University of 
Valencia (left), and clean-room at the Department of Physical Chemistry in the University of 
Cordoba (right). 
 
2.1 Organized thin films 
 All the Langmuir monolayers studied during the realization of this memory 
were prepared in a Langmuir through with a Wilhelmy System. This system is based 
on a highly sensitive electronic microbalance that is connected to the air-water 
interface through a small piece of paper. When the monolayer is spread over the water 
surface, the surface tension (γ) changes, and it is possible to measure the surface 
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pressure π (see Eq. 1.1). The Langmuir through used in this memory are NIMA 
models 611D and 601BAM. 
 
UV-Vis-Normal Reflection Spectroscopy  
 The reflection measurements were carried out in a Nanofilm RefSpec2 
equipment supplied by Nanofilm GmbH (nowadays Accurion GmbH, Göttingen, 
Germany).1 In this technique the light source is composed by both tungsten and 
deuterium lamps. The produced light is first collimated and then directed 
perpendicular to the air-water interface though a double head optic fiber. Hence the 
angle of incidence is θi = 0º. Once the light reaches the interface, it is partially 
reflected and directed, via a second optic fiber, to a charge-couple detector, where it is 
analyzed. To avoid multiple reflections and contamination from the subphase, a light 
tramp is positioned at the bottom of the trough. Two choppers connected 
electronically, one close to the light source and a second one at the edge of the optic 
fiber, alternate the incident and reflected light. A schedule of the process is shown in 
Fig. 2.2.  
 
Fig. 2.2. Schedule of the ReflSpec equipment. 
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UV-Vis-va Reflection Spectroscopy  
 The equipment used for these measurements is an extended version of the 
ReflSpec explained in the above Section, model RefSpec2 VA (supplied by Accurion 
GmbH, Göttingen, Germany). In this case the equipment is provided by two motorized 
arms that allows a precision motorized adjustment of the angle-of-incidence. At the 
same time, it contains a motorized polarizer and analyzer that can be easily and 
precisely controlled (p&s polarization flip).2 The lamp is a Xe-light source that allows 
to work in a spectral region in the range from 240-980 nm. Due to its innovative 
configuration, the study of orientation effects and optical dichroism in absorbing thin 
films is possible. Fig. 2.3 shows a schedule of the equipment. 
   
Fig. 2.3. Diagram of the RefSpec2 VA equipment. 
 
Brewster Angle Microscopy (BAM) 
BAM pictures were taken in a commercial BAM equipment Nanofilm I-
Elli2000.1,3 This equipment is based on a laser source (Nd:YAG, 50 mW, 532 nm) 
with a light diameter ~1.3 mm that is p-polarized before affecting the air-water 
interface at an angle θ = 53.1º = θB air-water. To avoid contamination from the refracted 
light it is used a black light tramp at the bottom of the trough. The reflected light is 
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then collected by an analyzer with a focal length of 20 mm and directed to a high 
sensitive charge-coupled detector. This detector converts the intensity of the reflected 
light from very small regions of the monolayer into a pixel picture (768 x 562 pixels), 
which allows an easier analysis. The lateral resolution of the optic system is 2 μm. 
Additionally, the analyzer allows to observe the possible anisotropy existing inside the 
domains, which results from the different organization of the molecules in the 
monolayer. This is possible by rotating the analyzer respect to the p-direction of the 
light. All the equipment is located on anti-vibration table Halcyonics MOD-2 S. 
 
Fig. 2.4. Photograph of the Brewster Angle Microscopy used in this memory. 
 
2.2 Thin films in optoelectronics 
 The solution processed layers were prepared in a Spin-coater Model Chemsols 
CSS-05 and a Coatmaster Model 510, inside the cleanroom. For the evaporated films 
two different high vacuum evaporators were used: an Edwards Auto500 evaporator for 
the inorganic films such as metal or metal oxides films, and an MBraun MOLevap, 
with two temperature controlled evaporation sources from Creaphys fitted with 
ceramic crucibles, for evaporating the hybrid perovskite.  
 
 All the thicknesses were determined with an Ambios XP-1 profilometer, a 
computerized, high sensitivity surface profiler that measures roughness and step 
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heights. It consists on a diamond stylus, which is moved vertically in contact with a 
sample and then moved laterally across the sample for a specified distance and 
specified contact force. It features the ability to measure precision step heights from 
under 10 angstroms to as large as 1 millimeter as a function of position, with a vertical 
resolution of 1Å at 10µm and 15Å at 100µm. 
 
Light emitting electrochemical cells (LECs) 
 The typical response of a LECs under an applied voltage (or current density), 
follows a slow increase on luminance and current density with time (or decrease on 
voltage), which after reaching a maxima value of luminance (Lmax) decreases. This 
behavior is due to the previously described dynamic nature of these devices, which are 
self-limited due to the growing of the doped zones. In the following text are describe 
the most important parameters of LECs, which determine the performance of such 
devices. 
 
Fig. 2.5. Typical time-dependence of luminance, current, efficacy, power-efficiency 
and EQE of a constant-voltage LEC device.4  
 
- Luminance (L): Flux of light measured in candela per surface unit (cd m-2) that the 
device emits at a given moment. 
 
- Current density (J): Flux of current measured in ampere per surface unit (A m-2). 
Lmax
tmax
Lmax 1/2
t1/2ton
L100
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- Voltage (V): The voltage applied or measured in a working device. For a pulsed 
driving cell, the voltage is the averaged between the on- and off- time of the pulse. 
 
- Turn-on time (ton): Time to reach the maximum luminance (ton) or time to reach 
100 cd m-2 (t100). 
 
- Lifetime (t1/2): Time to reach the half of the maximum luminance. This parameter 
is related with the stability of the LEC. Sometimes, an alternative definition is the 
time to reach one fifth of the maximum luminance (t1/5). 
 
- Current efficiency: The flux in candela per electrical ampere (cd A-1). 
 
- Power efficiency (η): The flux of light measured in lumens per electric watt (Lm 
W-1). The stated values in literature correspond normally to the maximum value 
observed. In pulsed-driving cells, the duty cycle has to be taken into account. 
 
- External Quantum Efficiency (EQE): The ratio of photons emerging from the 
device per injected electron. Theoretically, it can be defined as 
 
   ܧܳܧ ൌ  ௕Ф
ଶ௡మ
  (2.1) 
 
where b is the recombination efficiency (equal to unit for two ohmic contacts),5 Ф 
is the fraction of electrons that decay radiatively, and n is the refractive index of 
the glass substrate, equal to 1.5 (the factor 1/2n2 accounts for the coupling of light 
out of the device). 
 
- Electroluminescent spectrum (EL spectrum): Gives the information about the 
color of emission of the device. The peak of the EL spectrum is often reported as 
λmax. 
 
- Commission Internationale de l’Eclairage coordinates (CIEx,y): These coordinates 
provide the color purity relative to the red, green and blue receptors of the human 
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eye, giving an exact definition of the emission color according to universally 
accepted international standards. 
 The photoluminescence spectra and the quantum yield were measured in a 
Hamamatsu C9920-02 Absolute PL Quantum Yield Measurement System. It consists 
on an excitation system based on a Xe lamp liked to a monocromator. The light is first 
collimated to an optic fiber and guided to an integrated sphere where the sample is 
fitted. Once the light reaches the sample, a second optic fiber guides the global light 
from the sphere (resulted from the difference between the incident, absorbed and 
emitted light) through a multi-channel spectrometer, from where it is processed and 
analyzed.  
 The electroluminescence spectra were obtained by using an Avantes fiberoptics 
photospectrometer. The voltage versus time (V - t) and electroluminescence versus 
time (Lum - t) characteristics at a constant current density were collected using a 
Keithley Model 2400 source measurement unit and a Si-photodiode (Hamamatsu 
S1336-8BK) coupled to a Keithley Model 6485 pico-amperometer, respectively. The 
calibration of the photocurrent was carried out using Minolta LS100 luminance meter.  
 The device lifetime data of pulsed-current were carried out by applying a pulsed 
current (200 mA cm-2, duty cycle 50%) and monitoring the luminance and the voltage 
versus time with a Botest OLT OLED Lifetime-Test System equipped with a True 
Colour Sensor MAZeT (MTCSiCT Sensor). 
 
Photovoltaic devices 
The current-density vs. voltage (J-V) characteristics of most efficient inorganic 
and organic solar cells resembles the exponential response of a diode when they are 
measure in the dark, without illumination of sun. Under forward bias they exhibit high 
current densities, which considerably decrease in reverse bias. Shining light on a 
device generates a photocurrent in the cell in addition to the diode behavior, and the 
resulting J-V curve is ideally the superposition of both dark and photocurrent. 
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In the following text will be described the most important parameters for solar 
cells, which determines their performances. Fig. 2.5 shows the ideal J-V curve for an 
illuminated solar cell, where main figures of merits are shown. 
 
Fig. 2.5 depicts the J-V plot for an idealized solar cell in the region of power 
generation.  
- Open-circuit voltage (VOC): Voltage across the solar cell when the device is open-
circuited under illumination (J = 0 A m-2). This voltage represents the point at 
which the photocurrent generation and dark compensates, thus marks the limit in 
the voltage for generating power. 
 
- Short-circuit current density (JSC): Current density when V= 0, which is the same 
condition as the two electrodes of the cell being short-circuited together.  In ideal 
devices JSC equals to the photocurrent density (Jph), and marks the limit of the 
power generation. 
 
- Power density (P): Product of voltage and current density (V x J). The maximum 
value (Pmax) occurs at the voltage and current-density where the product of both is 
maximum in absolute value (Vmax and Jmax respectively). Ideally it would be VOC 
VOCVmax
Jmax
JSC
Pmax
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and JSC. Nevertheless, real cells exhibit Vmax < VOC and Jmax < JSC, thus Pmax 
normally differs from ideality. 
 
- Fill factor (FF): Ratio between Pmax and Pideal, thus it indicates how far from 
ideality is the power density (P) of the cell. FF is always lower than unity, being 
normally related with a bad device quality. It is define as 
 
   ܨܨ ൌ ௃೘ೌೣ௏೘ೌೣ
௃ೄ಴௏ೀ಴
  (2.2) 
 
- Power conversion efficiency (η or PCE): The percentage of incident irradiance IL 
(light power per unit area) that is converted into output power. For consistency, 
the maximum value Pmax is used to avoid dependencies on voltage and is 
expressed as 
 
  ߟ ൌ |௃೘ೌೣ|ൈ௏೘ೌೣ
ூಽ
ൈ 100% ൌ ிிൈ
|௃ೄ಴|ൈ௏ೀ಴
ூಽ
ൈ 100%  (2.3) 
 
- External quantum efficiency (EQE): Fraction of incident photons converted into 
current at a specific wavelength. Knowing the spectral irradiance from the light 
source and the EQE(λ), it is possible to estimate the JSC. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
Solar cells were measured with a MiniSun simulator (ECN the Netherlands) 
based on a white light halogen lamp in combination with interference filters for the 
EQE and current-voltage (J-V) measurements. To delimit the active area of the device 
and avoid possible errors in efficiency, a black mask was positioned on top of the cell. 
Before each measurement, the exact light intensity was determined using a calibrated 
Si reference diode. An estimation of the short-circuit current density (JSC) under 
standard test conditions was calculated by convolving the EQE spectrum with the 
AM1.5G reference spectrum, using the premise of a linear dependence of JSC on light 
intensity. Current-voltage (J-V) characteristics were measured using a Keithley 2400 
source measure unit. The scan was performed with steps of 0.01 V starting from −0.2 
V to 1.1 V with a time delay between each point set to 0.01 s. 
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 This Thesis reprints a selection of papers in refereed journals in which the 
author of this Thesis was author or co-author. The articles themselves contain an 
introduction to their special topic, the experimental setup, the results and discussion, 
and the conclusions. They are reprinted in the style of this Thesis. An overview and 
summary of the research described in the publications is found in Chapter 6, as well as 
the summary of the most important conclusions, which can be found in Chapter 7. 
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3.1 Revisiting the Brewster Angle Microscopy:  
The relevance of the polar headgroup 
Roldán-Carmona, C.; Giner-Casares, J.J.; Perez-Morales, M.; Martin-Romero, M.T. and  
Camacho, L. 
1Dept. of Physical Chemistry, University of Córdoba, C. Rabanales, Ed. C3, Córdoba, 14014 (Spain). 
2Max Planck Institute of Colloids and Interfaces, 14476 Potsdam (Germany). 
 
 The Brewster Angle Microscopy (BAM) is a powerful microscopy technique 
allowing the in situ visualization of the morphology of Langmuir monolayers at the 
air/water interface. The use of the BAM for attaining structural insights in the 
molecular arrangement of the Langmuir monolayers is widespread. In this review, we 
examine the reflection of a Langmuir monolayer under a rather different perspective 
than classical: the influence of the polar headgroup of the amphiphiles in the BAM 
images is taken into account. The relevance of the polar headgroup as the main cause 
of the BAM features has been the focus of a reduced number of BAM studies. An 
emerging experimental and theoretical framework from recent bibliography is 
discussed.   
 Different theoretical scenarios are considered, concerning the size and 
absorption of radiation of the polar headgroup. Two qualitative examples showing 
physical phenomena regarding the reflectivity changes in a BAM experiments are 
discussed. The anisotropy in the BAM images as inner textures is of special interest. 
Quantitative structural information of the molecular arrangement of the monolayer is 
obtained by simulating the textures of the domains observed. The quantitative 
assessment of the detailed molecular arrangement of the polar headgroup by BAM is 
highly valuable, as this information can hardly be obtained from other experimental 
techniques. The procedure for extracting quantitative structural data from the 
experimental BAM pictures is revised in detail from the recent bibliography for 
further application of this model to different Langmuir monolayers. 
Paper published in Advances in Colloid and Interface Science 173 (2012) 12–22 
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3.1.1. Introduction 
 The Brewster Angle Microscopy (BAM) was proposed in 1991 as a direct and 
non-invasive method to study the micrometric morphology of Langmuir monolayers. 
The BAM has become one of the most attractive and powerful techniques for the in 
situ studies of the amphiphilic molecules forming Langmuir monolayers at the air/ 
water interface.1,2 The BAM technique is based on the change of the refractive index 
by a Langmuir monolayer at the air/water interface with respect to the bare air/water 
interface. By imaging a p-polarized laser beam reflected off the interface at the 
Brewster angle of the bare air/water interface no radiation is reflected. When a 
Langmuir monolayer is placed on the air/water interface, the change in the refractive 
index leads to a change on the value of the Brewster angle. A certain percentage of the 
incident light is reflected from the Langmuir monolayer. The recording of this 
reflected light by a video camera allows the direct observation of micrometer-sized 
structures in the Langmuir monolayer. The BAM is suitable for the study of Langmuir 
monolayer formed by a wide variety of amphiphilic molecules, most commonly fatty 
acids and alcohols, phospholipids, liquid crystals, and polymers.1–12 
 The morphology of Langmuir monolayers can also be visualized with 
fluorescence microscopy.13,14 In contrast to fluorescence microscopy, BAM has the 
unique advantage that it does not require the introduction of probe molecules, but 
rather uses the intrinsic optical properties of the monolayer. Furthermore, mono- and 
multilayers transferred onto solid substrates by the Langmuir–Blodgett method can 
also be studied by BAM.15,16 Therefore, a wide range of applications for the BAM in 
colloid and interface science has been exploited. An exhaustive revision of these 
applications is beyond the scope of this review. The interested reader is referred to 
previous reviews by Vollhardt.15–17 As representative examples, the following 
processes as monitored by BAM are highlighted: domain formation as consequence of 
ordering phenomena, 18–20 2D into 3D transitions,21–23 monitoring of interfacial 
chemical reactions,24,25 and formation of films by inorganic nanoparticles.26,27 
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 The phase transitions of a given Langmuir monolayer are usually observed in 
BAM by the appearance of domains. In the absence of anisotropy in the Langmuir 
monolayer, the domains are related to a condensed phase. The observance of the 
domains arises from the reflection from the alkyl chains and the polar headgroup.  
 Of special interest concerning the molecular arrangement is the occurrence of 
inner textures within the domains observed by BAM. The inner textures are related 
with the anisotropy. The appearance of inner textures within the domains is indicative 
of the existence of a high molecular ordering in the Langmuir monolayer. Extensive 
studies have been successfully performed for the scenario of anisotropy in the 
arrangement of the hydrophobic chains. In the examples shown in Fig. 1, the 
molecular organization of Langmuir monolayers of new surface-active derivatives of 
amino acids was analyzed by Ignés-Mullol et al., observing inner textures within the 
domains corresponding to different values of azimuthal angle.28 A relevant example is 
the study of the lipid dipalmitoyl-phosphatidylglycerol (DPPG) performed by 
Vollhardt et al., in where the whole domains display different azimuthal angle with 
respect to each other, displaying instead an homogeneous texture within each single 
domain.20 In a further investigation by Vollhardt concerning the arrangement of the 
alkyl chains leading to changes in the domain morphology observed by BAM, 
pyrimidine derivatives present in the subphase could be attached to amphiphilic 
melamine monolayers by complementary hydrogen bonding of the headgroups. 
Remarkably, in this case highly specific changes of the domain morphology observed 
by BAM do not correspond to large modifications of the alkyl chain arrangement. On 
the contrary, the pyrimidine derivatives play a main role being attached to the polar 
headgroup by a specific recognition process.29 
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Fig. 3.1. Left: Langmuir monolayer of a diacyl amino acid-based surfactant in the LC–LE 
coexistence.28 Right: Langmuir monolayer of dipalmitoyl-phosphatidylglycerol (DPPG) .20 
Both pictures were acquired with the position of the BAM analyzer at 60° to maximize the 
contrast in the inner texture. Copyright from the American Chemical Society, 2003 and 2000. 
  
 Traditionally, the information provided by BAM has been related with the 
molecular organization of the alkyl chains of the surfactants, although some authors 
study the sensitive effect in a not declared way of head group changes on the domain 
morphology.29–32 Most of the early BAM studies focused in amphiphilic compounds 
with simple polar groups, such as hydroxyl,6 carboxylic,33 or ammonium.34 These head 
groups display a smaller surface area than the alkyl chains, being strongly hydrated. A 
strong hydration of the headgroup leads to a value of the refractive index for the 
headgroup similar to that of pure water. Remarkably, the mentioned polar groups do 
not absorb radiation at the wavelength of the lasers that are commonly used in BAM 
experiments. In fact, given the following conditions for a polar headgroup: small 
surface area, strong hydration, and non-absorption, the structures observed by BAM 
are almost exclusively related to the organization of the alkyl chains. The use of BAM 
for obtaining information on the arrangement of the non-polar alkyl chains of the 
surfactants is still widespread and successful.31,35,36 
 However, there is a vast array of Langmuir monolayers in which the polar 
headgroup does not fulfill the requirements mentioned above. For large and UV–vis 
absorbing headgroups, the molecular arrangement of the headgroup of the surfactant 
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can be most significant to the BAM experiments.37,38 Unfortunately, the relevance of 
the headgroup as the main agent of picture formation in a BAM experiment has been 
the focus of a reduced number of reports. This review is aimed to state a framework 
for the experimental conditions in a BAM experiment with significant reflection from 
the polar headgroup, as well as for the quantitative analysis of the experimental data. 
Experimental and theoretical evidence is presented from recent examples in the 
bibliography. For the case of reflection of the incoming light caused mainly by the 
polar headgroup, quantitative structural information can be attained by analyzing the 
inner textures of the domains. The analysis of the BAM pictures requires the 
simulation of the textures. The simulated domains should reproduce the textures 
observed by BAM. We would like to highlight that the quantitative information on the 
molecular arrangement of the headgroups can hardly be obtained from other 
experimental techniques, such as X-ray. 
 This review is structured as follows. First, the theoretical framework is 
presented. Second, two experimental qualitative examples of significant reflection 
from the polar headgroup are shown. Third, an example of the quantitative assessment 
of the molecular organization of the polar headgroup is provided. An account of the 
instrumental parameters during a BAM experiment is included. The appendixes detail 
the model for the simulation of the domains.  
 
3.1.2. Theoretical model 
 A Langmuir monolayer at the air/water interface can be analyzed using a two-
layer model. The two-layer model is simple, yet useful. The first layer corresponds to 
the hydrophobic alkyl chain. The second layer corresponds to the hydrophilic 
headgroup. Two phases of infinite thickness, air and water are placed above and below 
the monolayer, respectively. See Fig. 3.2 for a sketch. A similar model has been 
successfully applied to the analysis of X-ray reflectivity measurements of Langmuir 
monolayers.39 The two-layer model has been successfully applied in a large number of 
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reports from the bibliography. However, the question of the transition region is still 
open. One classical solution has been the application of a smearing zone around the 
boundaries of the boxes. The smearing of the different regions does not include an 
explicit transition region, but it has been proven useful for the quantitative analysis of 
X-ray reflectivity data and it is mathematically simple to apply.39,40 
 
Fig. 3.2. Simplified sketch of a Langmuir monolayer divided in two layers. The layers 1 and 2 
correspond to the alkyl chains and polar headgroup region, respectively. A) Langmuir 
monolayer of a surfactant with a small polar headgroup. B) Langmuir monolayer of a 
surfactant with a large polar headgroup. C) Optical parameters as used in the theoretical 
simulations. 
  
 In most of the cases, the alkyl chains are able to adopt a highly packed 
organization. However, the polar headgroup can be organized in a broad range of 
arrangements. The different possibilities for the arrangements are a function of the size 
of the headgroup. The chemical nature of the polar headgroup also plays a role, 
leading to different interactions headgroup–headgroup and/or headgroup-subphase. 
Four limiting scenarios of study are discussed herein, accounting for the relation 
between the molecular arrangement of the polar headgroup and the BAM pictures. The 
four scenarios are noted as scenarios I, II, III and IV. The values of the optical 
parameters as considered for these four scenarios are shown in Table 3.1. nchain and 
npolar are the refractive indexes of the alkyl chain and the polar headgroup layers, 
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respectively. dchain and dpolar are the thicknesses (expressed in nanometers) of the alkyl 
chain and the polar headgroup layers, respectively. k is the absorption coefficient of 
the polar headgroup. R is the total reflection of the incident light from the Langmuir 
monolayer. ΔRp/R is the ratio of the enhancement of reflection originated by the polar 
headgroup and the total reflection from the Langmuir monolayer. The parameter 
ΔRp/R indicates the relative importance of the polar headgroup to the total reflection of 
the incident light from the Langmuir monolayer, leading in turn to the pictures 
obtained in a BAM experiment. Scenario 0 is defined as a Langmuir monolayer in 
which exclusively the alkyl chain layer is considered, thus ignoring the existence of 
the polar headgroup layer. Scenario 0 is used as a reference for calculating the relative 
amount of reflection from the polar headgroup in scenarios I, II, III and IV. The 
scenarios (I–IV) correspond to the reflection of the two regions of the Langmuir 
monolayer, i.e., alkyl chain and polar headgroup. In other words, in the scenarios (I–
IV), the polar headgroup is taken into account. Additionally, scenarios I-p, IIp, III-p 
and IV-p are considered. In scenarios (I–IV)-p, exclusively the reflection from the box 
corresponding to the polar headgroup is considered, ignoring the reflection from the 
alkyl chain layer. As a general assumption for simplicity, average values of n and k of 
each box are considered (black line in Fig. 3.2 A–B. c and p denotes chain and polar 
layer, respectively). Appendix 1 provides the theoretical model for the calculation of 
the reflection from the Langmuir monolayer in the different scenarios considered 
herein.  
The different scenarios of study are defined as a function of both the size and 
the absorption of radiation from the polar headgroup. It is of maximum importance to 
highlight that the reflection of the incident light from the two different regions of the 
Langmuir monolayer is not additive. In other words, the total reflection of the incident 
light from the Langmuir monolayer cannot be obtained as the sum of the separate 
alkyl chain and polar headgroup layers (see Appendix 1 for details). As a general 
statement, it is not feasible to neglect any of the chains and headgroup layers. The 
relative importance of reflection significantly depends on the optical parameters of 
each case. When both layers contribute significantly to the reflection, the image 
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obtained will be difficult to interpret correctly without an accurate knowledge of the 
optical parameters of both regions. 
 
Scenario nchains dchains, nm npolar dpolar, nm k R x 105 ΔRp/R % 
Contribution of alkyl chains 
0 
(reference) 1.42 2 - - - 0.075 - 
Contribution of polar headgroup 
I-p 
- - 
1.4 0.4 0 0.002 
- 
II-p 1.6 0.8 0 0.184 
III-p 1.4 0.4 0.5 0.198 
IV-p 1.6 0.8 0.5 1.227 
2-layers model: Alkyl chain and polar headgroup 
I 
1.42 2 
1.4 0.4 0 0.099 24.2 
II 1.6 0.8 0 0.494 84.8 
III 1.4 0.4 0.5 0.158 54.4 
IV 1.6 0.8 0.5 1.304 94.3 
Table 3.1. Optical parameters for the different scenarios considered in this study. nchains and 
npolar are the refractive indexes of the alkyl chains and the polar headgroup layers, respectively. 
dchains and dpolar are the thicknesses (expressed in nanometers) of the alkyl chains and the polar 
headgroup layers, respectively. k is the absorption coefficient of the polar headgroup. R is the 
total reflection of the incident light from the Langmuir monolayer. ΔRp/R is the ratio of the 
enhancement of reflection originated by the polar headgroup and the total reflection. 
  
Scenario I. Non-absorbent small polar headgroup  
 Scenario I considers the Langmuir monolayers with a polar headgroup that does 
not absorb radiation at the wavelength of the BAM laser. A small size of the 
headgroup is also assumed, thus being strongly hydrated. Note that scenario I includes 
most of the simple surfactants, such as fatty acids and esters, as well as long chain 
alcohols and amines. In scenario I the contribution of the polar headgroup can be 
considered as not significant with respect to the total reflection of the monolayer. 
Thus, it is a suitable approximation not to consider the polar headgroup in the 
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simulations, see Fig. 3.2A. Table 3.1 shows the typical values of the optical 
parameters for this scenario, npolar = 1.4, dpolar = 0.4 nm, and k = 0. npolar is the 
refractive index of the headgroup, with no significant difference to the refractive index 
of the alkyl chains (nchains = 1.42). dpolar is the thickness of the polar headgroup in 
nanometers. k is the absorption coefficient. The relative increase of reflection of the 
incident light from the Langmuir monolayer provoked by the polar headgroup is only 
24.2%. As mentioned previously, it should be emphasized that the reflection is not 
additive.  
 
Scenario II. Non-absorbent large polar headgroup 
 Scenario II considers the Langmuir monolayers with a bulky polar headgroup. 
A polar headgroup is considered large when occupying a similar surface area to the 
surface area of the alkyl chain. An array of large polar headgroups at the air/water 
interface can be arranged in highly packed supramolecular structures. The hydration 
shell of the polar headgroups is small. Under these circumstances, the refractive index 
of the polar layer is usually larger than the refractive index of the alkyl chains layer. 
Note that for most of the cases, the thickness of the polar headgroup  is smaller than 
the thickness of the alkyl chain. Table 3.1 shows the optical parameters for a typical 
Langmuir monolayer described by the scenario II, where npolar = 1.6, dpolar = 0.8 nm, 
and k = 0. npolar is the refractive index of the headgroup, in this scenario significantly 
different to the refractive index of the alkyl chain, i. e., nchain = 1.42. The relative 
increase of reflection of the incident light from the Langmuir monolayer provoked by 
the polar headgroup is 84.8%. The reflection provoked by the alkyl chain might be 
ignored, as the reflection from the polar headgroup is rather significant. Moreover, in 
this scenario a small change in npolar and/or dpolar significantly affects the amount of 
incident light that is reflected from the monolayer. 
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Scenario III. Absorbent small polar headgroup 
 Scenario III considers a Langmuir monolayer with similar features to scenario I. 
However, the scenario III includes the absorption of radiation by the headgroup, k ≠ 0. 
In the example shown in the Table 3.1, a value of k = 0.5 has been included, see 
Appendix 2 for details. The relative increase of reflection of the incident light from the 
Langmuir monolayer provoked by the polar headgroup is 54.4%. Note that small k 
values lead to intermediate situations between scenarios I and III. It is suitable to 
consider that both alkyl chain and polar headgroup layers contribute significantly to 
the total reflection of the monolayer in scenario III. For the case of very intense 
absorption from the polar headgroup, the reflection from the polar headgroup might be 
the most relevant contribution to the total reflection of the monolayer, even when np < 
nc. In such a case, the reflection of the chains is screened by the polar groups. 
 
Scenario IV. Absorbent large polar headgroup 
 Scenario IV considers a Langmuir monolayer with a similar structure to that 
described in scenario II. However, scenario IV includes the absorption from the polar 
headgroup, k = 0.5. In this scenario, the reflection caused by the polar headgroup layer 
is rather significant than the reflection from the alkyl chain layer. The relative increase 
of reflection of the incident light from the Langmuir monolayer provoked by the polar 
headgroup is 94.3%. Under these circumstances, the total reflection from the 
monolayer can be analyzed without taking into account the alkyl chains layer. 
 Note that even with a tight arrangement of the polar headgroups in the 
Langmuir monolayer, the reflection of radiation is most likely influenced from both 
the alkyl chain and the polar headgroup. Two experimental examples are provided 
right below qualitatively illustrating the origin of the reflection in a BAM experiment. 
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3.1.3 Optical behavior at the air/water interface of octadecyl 
rhodamine b (C18RhB). Scenario IV  
 Herein a not previously published experimental example of the above described 
Scenario IV is presented. The experimental conditions were identical to those of our 
previous study.41 Fig. 3.3 shows the surface pressure–molecular area isotherm of the 
mixed Langmuir monolayer composed by an amphiphilic derivative of Rhodamine, 
named as C18RhB, and a surface active benzyl ester. The C18RhB surfactant has a 
bulky polar headgroup. The surface pressure–molecular area isotherm displays the 
offset of the surface pressure at a molecular area of ca. 1.1 nm2. The surface pressure 
at the collapse is ca. 33 mN/m at a molecular area of 0.42 nm2. The temperature is 21 
°C. Fig. 3.3 includes BAM pictures obtained simultaneously to the recording of the 
surface pressure–molecular area isotherm. At large values of molecular area and 
expanded state of the monolayer, the mixed monolayer appears homogeneous. Dark 
irregularly shaped domains appear for a surface area of ca. 0.8 nm2 per C18RhB 
molecule. With the compression of the monolayer, these dark domains grow in size, 
resulting in dark branched shapes. The dark domains appearing after compression of 
the monolayer are due to the formation of a condensed phase. As previously described, 
for most BAM experiments, the formation of a condensed phase leads to increased 
reflection, and therefore domains brighter than the environment appear.  
On the contrary, in the case of the mixed monolayer C18Rh  B:benzyl ester, the 
dark domains are mainly composed of segregated benzyl ester. Given that there is no 
absorption from the polar headgroup of benzyl ester, the bright part of the monolayer 
corresponds to C18RhB-enriched regions. The C18RhB molecule bears a polar 
headgroup with a large absorption coefficient at the wavelength of the laser used for 
the BAM experiment. Therefore, for the mixed monolayer C18RhB:benzyl ester, the 
more condensed domains appear darker than the environment, as regions with low 
content of C18RhB. The existence of dark domains is therefore the result of the lateral 
separation of the C18RhB, leading to a reduced absorption of radiation in these dark 
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regions. The behavior of the mixed monolayer C18RhB:benzyl ester is an example of 
scenario IV, as discussed above. 
 
Fig. 3.3. Surface pressure–area isotherms of C18RhB:benzyl ester mixed monolayer in molar 
ratio 1:2 at T=21 °C. BAM images of C18RhB under different surface pressures at the air/water 
interface. Image size: 215 μm width. Inset: molecular structure of the two components of the 
mixed Langmuir monolayer. 
 
 
3.1.4 Inversion of reflectivity during a BAM experiment. 
Segregation of lipid in the mixed monolayers with an 
organometallic complex Ir-dye/DMPA. Scenarios I and II  
 The mixed monolayers formed by the phospholipid DMPA (dimyristoyl-
phosphatidic acid) and the Iridium (III) organometallic complex named as Ir-dye, 
[Ir(F2-ppy)2(bpy), where F2-ppy=2-(2,4- difluoro) phenylpyridine or bpy=2,2′-
bipyridyl] have been studied in our group.42,43 The Ir-dye molecule is water-insoluble 
and does not form Langmuir monolayers on the air/water interface. On the contrary, 
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the mixed monolayer Ir-dye:DMPA in a molar ratio 1:1 forms a stable Langmuir 
monolayer, displaying homogeneity along the complete surface pressure–molecular 
area isotherm. The stability and homogeneity of the equimolecular mixed Langmuir 
monolayer are ascribed to the ion pair interaction among the anionic DMPA polar 
head and the cationic Ir-dye molecule. 
 
Fig. 3.4. BAM images recorded simultaneously to the compression of the mixed monolayers 
Ir-dye:DMPA=1:1 and 1:2 (top row, left and right, respectively), and 1:5  bottom row). Image 
size: 430 μm width. Copyright from Royal Society of Chemistry, 2008. 
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 In the spirit of generalize the statement concerning the molecular structure of 
the mixed monolayers Ir-dye:DMPA, different molar ratios were studied by BAM. 
The Ir-dye:DMPA=1:x mixed monolayers were considered. For an excess of DMPA 
(x>1), the equimolar mixture Ir-dye:DMPA is formed at the air/water interface, while 
the excess of DMPA is segregated to form pure DMPA domains upon compression of 
the film. Fig. 3.4 shows representative BAM pictures from the mixed monolayers with 
different molar ratios, as previously published.42 For the mixed monolayer Ir-
dye:DMPA=1:5 at large values of molecular area, the mixed monolayer appears 
homogeneous. 
 At an early stage of compression, under a surface pressure of ca. 2 mN/ m, 
small bright domains are detected. The size and number of these domains increase 
with increasing surface pressure. A remarkable phenomenon is observed at the 
intermediate surface pressure of 12.5 mN/ m: the relative reflectivity of domains and 
bulk phase is inverted. In other words, for values of surface pressure of π > 12.5 
mN/m, the surrounding area is brighter than the domains, which become darker. The 
reflectivity of the domains at both small and large values of surface pressure is 
constant, while the reflectivity of the surrounding area increases gradually during the 
compression process. The reflection intensity of the images had to be rescaled to 
improve the contrast, leading to the inversion of the reflectivity of the BAM pictures.  
 The domains observed in the mixed monolayer Ir-dye: DMPA=1:5 monolayer 
are originated from the segregation to a new phase of pure DMPA lipid of the excess 
of DMPA lipid molecules from the Ir-dye/DMPA 1:1 complex. The organometallic 
complex Irdye does not absorb radiation at the wavelength of the BAM laser, and 
therefore the absorption constant is zero, k = 0. At small values of surface pressure, the 
bulk phase contains a reduced surface density of Ir-dye molecules. In spite of the large 
molecular size of the Ir-dye molecule, the polar layer is assumed to be strongly 
hydrated, thus showing low reflectivity. Therefore, the bulk phase appears darker than 
the brighter domains. This behavior has been described herein as scenario I. The 
reflectivity of the bulk phase RB is mainly due to the alkyl chains. In the segregated 
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phase, composed mainly of pure DMPA domains, the alkyl chains are more packed, 
leading to a larger reflectivity for the domains, RD, being RD > RB, see Fig. 3.5I. 
 
Fig. 3.5. Schematic representation of Ir-dye:DMPA=1:5 segregation monolayer. I) Small 
values of surface pressure, with low molecular density of Ir-dye in the environment region. The 
domains of the segregated DMPA are brighter than the surrounding area. II) Intermediate 
values of surface pressure, with increased molecular density of Ir-dye in the environment 
region. Domain and surrounding area display similar values of reflectivity. III) Large values of 
surface pressure and molecular density of Ir-dye in the environment region. The surrounding 
area is brighter than the domain area. Domains contain exclusively of the segregated DMPA 
lipid. 
 
 With the compression of the mixed monolayer Ir-dye:DMPA, the segregation of 
DMPA lipid molecules from the bulk phase to the domains is promoted. The surface 
density of Ir-dye molecules increases in the surrounding areas to the domains, leading 
to a decrease on the hydration of the polar headgroup layer. As a consequence, the 
reflectivity of the polar headgroup layer increases. For a surface pressure of π ≈ 12.5 
mN/m, the reflectivity of bulk phase and the domains have similar values, RD ≈ RB, see 
Fig. 3.5II. For values of surface pressure of π  > 12.5 mN/m, the Ir-dye molecules are 
tightly packed. Therefore, the polar headgroup layer consists in highly packed bulky 
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polar groups, with a small amount of hydration water. Thus, the reflectivity of the 
polar layer is larger than the reflectivity of the alkyl chains. This situation can be 
represented by scenario II described above. The BAM pictures show an inversion of 
the reflectivity, as the bulk phase shows a higher reflectivity than the pure DMPA 
domains, RB > RD, see Fig. 3.5III. 
 Similar phenomena have been reported previously. A mixed monolayer of a 
Dicholesteryl-Cyclodextrin (TBdSC) derivative and dipalmitoyl-phosphatidylcholine 
lipid (DPPC) in a ratio of 33 mol % TBdSC in DPPC showed an inversion of the 
relative reflectivity of domains and bulk phase with compression.38 Bioactive new 
derivatives of oligosquaramide promoted inversion of reflectivity upon inclusion of 
the derivatives in the hydrophobic region of a DPPC monolayer.44 
 
3.1.5 Quantitative assessment of the molecular arrangement of 
the polar headgroups. Inner textures within the domains: 
anisotropy caused by the coherent organization of polar groups 
 
 Although the above mentioned examples demonstrate the significant role of the 
polar headgroup in the BAM images, the information that has been obtained in the two 
previous examples is merely qualitative. It is possible to obtain quantitative structural 
information on the molecular arrangement for those cases of domains displaying 
anisotropy. In this case, the reflection is originated exclusively from one region of the 
monolayer, either the alkyl chains or polar headgroup layer. 
 For the case of reflection mainly originated from the alkyl chain, calculations of 
the different textures of the domains have been effectively used for attaining 
quantitative information on the alkyl chain arrangement. We cite here representative 
examples, albeit the work in this direction is extensive.10,31,45 The information on the 
arrangement of the alkyl chain as obtained by BAM can be used as complementary to  
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Fig. 3.6. A) Molecular structures of the hemicyanine (SP) and the dimyristoyl-phosphatidic 
acid (DMPA) molecules. B) Sketch of the mixed monolayer SP:DMPA 1:1. Graphical 
definitions of the transition dipolar moment μ, its projection on the x–y plane μxy, the polar tilt 
angle θ, and the azimuthal angle Ԅ, of the SP molecules in presence of the DMPA molecule 
(the interface plane coincides with x–y plane). C) Zoom of experimental circular domains 
observed by BAM with increasing the opening time of the BAM camera lens. D) Organization 
model of the 2D circular domain. Definition of γ (the angle formed between the x axis and any 
radial circle), and β (angle between μxy and the radial direction). Dashed blue line represents 
the projection of the transition dipole on the x–y plane. Right; examples of configurations with 
β = 90° (concentric), β = 45° and β = 0° (radial). Temperature was 16 °C. Copyright from the 
American Chemical Society, 2010. 
 
the quantitative data obtained by X-ray scattering or vibrational spectroscopy 
techniques. The main focus of this review is the case for reflection of the incident light 
from the Langmuir monolayer mainly due to the polar headgroup. The quantitative 
information on the molecular arrangement of the headgroup is most valuable, as there 
are few experimental techniques to obtain detailed information about the organization 
of such groups. The quantitative analysis of the arrangement of the polar headgroup 
requires the existence of inner textures within the domains as observed by BAM. The 
textures are analyzed with a relatively simple theoretical simulation using the Fresnel 
equations. In order to illustrate the procedure for extracting quantitative information 
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from the BAM pictures, an experimental example is presented from a previous paper. 
The mathematical details that should be performed for gaining the quantitative 
insights on the arrangement of the polar headgroup are described in the Appendix. 
Previous studies on mixed monolayers composed by a phospholipid and an organic 
dye have been reported by our group and successfully characterized using this 
procedure.41,46–48 
 A mixed Langmuir monolayer formed by the anionic phospholipid dimyristoyl-
phosphatidic acid (DMPA) and a cationic amphiphilic hemicyanine dye (SP) in a 
molar ratio 1:1 was studied by BAM. See Fig. 3.6A for the molecular structures. The 
anionic DMPA lipid and the cationic SP dye form an ionic pair, resulting in a stable 
mixed Langmuir monolayer. The alkyl chains of the DMPA molecule (12 methylene 
units) are shorter than those of the SP molecule (22 methylene units). Thus, the 
DMPA small polar headgroup does not interfere with the ordered aggregation of the 
polar headgroup of the SP molecules (Fig. 3.6B). Therefore, formation of well-defined 
2D structures of the polar headgroup of the SP molecule driven by the lateral self-
aggregation of hemicyanine groups is feasible. 
 The BAM images of the mixed Langmuir monolayer DMPA:SP show well-
defined 2D domains. The domains present anisotropy as inner textures within the 
domains. Circular domains with both bright horizontal regions and dark vertical 
regions have been observed (see Fig. 3.6C). The alkyl chains of the DMPA and SP 
molecules are not tilted for the complete range of surface pressure studied, as revealed 
by GIXD experiments.41 The polar headgroup of the SP molecule is a hemicyanine 
dye derivative, displaying a strong absorption band at the wavelength of the laser used 
for the BAM experiments. Therefore, the inner texture of the domains observed by 
BAM is due to the combination of the ordered arrangement of the polar headgroup and 
the absorption of radiation from the polar headgroup. 
 Fig. 3.6B shows a scheme of the structural parameters of the polar headgroup of 
the SP molecule in the mixed Langmuir monolayer DMPA:SP. μ is defined as the 
main transition dipole of the hemicyanine headgroup. μxy is the projection of μ on the 
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air/water interface plane. The inner textures of the domains can be simulated ignoring 
the presence of the alkyl chains. This simulation corresponds to scenario IV, in which 
the polar headgroup layer is most relevant for the reflection. In other words, the mixed 
monolayer DMPA:SP is considered as a biaxial material with the complex refractive 
indices of Nq = nq − ikq (q ≡ x, y and z, see Appendix 3). 
 The BAM images shown in Fig. 3.6C were recorded with the polarizer at the 
camera, also named analyzer, at 0°. This polarization angle implies that exclusively 
the p component of the reflected radiation is detected. Thus, the Ny (Ny is the complex 
refractive index in the y axis, laboratory coordinates) component of the mixed 
monolayer SP: DMPA does not play a role in the acquired BAM pictures. The x axis 
(laboratory coordinates) is defined as the projection of the laser incidence axis on the 
air/water interface, see Fig. 3.6D. The absorption coefficients of the mixed monolayer 
can be expressed as follows: kx = k0 × sin(θ) × cos(φ), and kz = k0 × cos(θ). 
 The reflectivity is almost constant for any radius of the circle. Thus, the 
azimuthal angle (φ) is considered constant for any radial direction, see Fig. 3.6D. The 
angle formed between the x axis and any radius of the circle is the circle rotation 
angle, and named as γ. The angle formed between the projection of the dipolar 
moment on the x-y plane μxy, and the radial direction is defined as β. The azimuthal 
angle is φ = γ + β. Fig. 3.6D shows sketches for β = 90º (concentric configuration), β = 
45º, and β = 0º (radial configuration). The dashed blue lines represent the projection of 
the transition dipole of the SP headgroup on the x–y plane.  
 Given a concentric configuration, a value of β = 90º is defined. The following 
parameters are assumed to simulate the inner textures of the domains: θ = 50º, k0 = 
0.5, nx = nz = 1.6, and d = 0.8 nm. See Appendix 3 for details. The reflectivity of the 
domains can be expressed as a function of the single parameter angle φ ൌ γ ൅ β. Note 
that β is a constant value dependent on γ. The total reflection from the mixed 
monolayer Rp is calculated as a function of the angle γ. The total reflection can be 
expressed in terms of a relative grey level scale. The grey scale ranges from 0 to 255, 
being these values a complete black and a complete white colors, respectively. The 
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simulated values of reflectivity are shown in Fig. 3.7, left. The reflectivity values are 
shown in a polar plot (Fig. 3.7 center), which resembles the circular domain observed 
by BAM. The reflectivity values can be expressed in a polar plot using the gray scale 
from 0 to 255, see Fig. 3.7, right. The latter picture is the simulated domain that 
should be compared with the experimental BAM picture. 
 
Fig. 3.7. Plot of the relative reflection vs γ, for β = 90º,  θ = 50º,  k0 = 0.5, nx= nz = 1.6 and d = 
0.8 nm. The reflection is transformed into a grey level scale (from 0 to 255). 
  
 The contrast and clarity of the BAM picture can be improved by the rationale 
adjusting of the experimental parameters of the BAM instrument. A remarkable option 
in the commercial models of the BAM instrument is the so-called “auto set gray 
level”. The autoset option rescales automatically the gray level in the BAM picture by 
adjusting the exposure time of the BAM camera. This adjustment places the maximum 
light detected by the camera under the threshold value of 255. Note that a reflectivity 
value of 255 is the value of maximum reflectivity in the grey scale, and corresponds to 
a pure white color. The increase of reflectivity can be taken into account quantitatively 
by our model. It should be remarked that the increase/decrease of reflectivity can be 
set manually adjusting certain experimental parameters such as the laser power or the 
camera iris. Starting from the situation described in Fig. 3.7, an increase of the 
exposure time 3/2-fold enhances the reflectivity to the threshold of 255. The calculated 
values of increased reflectivity are shown in Fig. 3.8, where the domain is also 
simulated.  
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 When the exposure time is increased for θ = 50º and β = 90º, the model predicts 
the appearance of a narrow gray region along the vertical direction of the circular 
domain, surrounded by darker regions, see Fig. 3.8. These calculated textures agree 
with the experimentally observed textures, as shown in Fig. 3.6C. 
 
Fig. 3.8. Plot of the relative reflection against γ (using the same constants as Fig. 3.7). The 
relative reflectivity is increased 3/2 for simulate the increasing exposure time, but the cutoff is 
again 255 (maximum value of the grey level scale). 
 
 Therefore, the procedure described herein to simulate the inner textures of the 
domains allows obtaining information on the molecular organization of the polar 
headgroup. The experimentally obtained circular domains have been related to a 
concentric configuration of the transition of the dipole hemicyanine polar headgroup 
with an angle of θ≈50°.41 
 This procedure can be extended to different values of the polar tilt angles, 
therefore being suitable for a general application to different Langmuir monolayers. 
Fig. 3.9 shows the results of the simulation of the circular domains for different values 
of either polar tilt angle θ or angle β. The values of the optical parameters k0, ny, nz and 
d and exposure time are similar as previously indicated for the simulations shown in 
Fig. 3.7. The maximum value of the reflectivity inside the domains is 3/2 the 
maximum value of reflectivity allowed by the instrument. The simulated reflectivity of 
the inner texture of the domains is a relative parameter, which is related to the 
minimum and maximum of reflectivity for each case. 
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 The simulations shown in Fig. 3.9 show that for a given configuration, radial, 
concentric or intermediate, the relative reflectivity of the inner texture of the domain is 
a function of the polar dipole transition angle, θ. The dependence in the reflectivity 
with θ might lead to an inversion of the reflectivity of the domain texture. 
 
Fig. 3.9. Circular domain simulation for different polar angle tilt, θ, and different angle, by 
using k0 = 0.5, ny = nz =1.6, and d = 0.8 nm. Copyright from the American Chemical Society, 
2010. 
   
 Traditionally, the bright regions within the domains have been related to dipole 
orientations parallel to the direction of polarization of light. On the contrary, dark 
regions are associated with perpendicular orientations of the dipole orientations with 
respect to the direction of polarization of light. This interpretation is correct when the 
transition dipoles are located parallel to the air/water interface, at least qualitatively. 
 However, this interpretation is not correct when the relative value of reflection 
in the experimentally obtained BAM images is quantitatively analyzed. In this case the 
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reflectivity depends on the value of the angle θ. Indeed, the typical Langmuir 
monolayer gives rise to different values of θ. Therefore, a detailed simulation of the 
inner textures should be performed in order to assess the quantitative information 
offered by the BAM pictures. 
 In the case of a concentric configuration, with a value of β = 90º, and a range of 
value of θ = 50-35 º, remarkable inner textures are observed: the appearance of a 
vertical thin gray line, as an example. The appearance of eight sections of alternative 
bright and dark textures is observed for θ = 40°. Note that the changes of the inner 
textures with the change in the value of θ do not indicate a modification in the 
orientation of transition dipoles. In fact, all the dipoles are uniformly distributed about 
the center in the circular domains. The occurrence of these special textures should be 
interpreted as an optical phenomenon resulting from the complexity of the Fresnel 
equations, for intermediates and low values of θ, see Appendix 3. 
 Similar cases have been reported previously by several groups. For example, 
inner textures were formed in eight alternative dark and bright sections for monolayers 
of polymerized 10,12-pentacosadiynoic acid, as observed by BAM.49,50 The BAM 
images were not originated from the reflection of the polar headgroup in this case. 
 The inner textures within the domains were instead originated from the 
conjugate polymerized diacetylene group, which absorbs radiation in the visible region 
of the UV–visible spectra.51 The anisotropy observed in this case can be analyzed by 
the model described in Appendix 3. The model can effectively simulate the reflectivity 
of the polymerized layer, ignoring the existence of the different regions of the polar 
group and the alkyl chain. 
 Finally, it should be noted that the model described in Appendix 3 is a 
simplified model that exclusively relates anisotropy to the absorption of radiation, 
assuming that nx ≈ nz. This assumption can be considered correct only in the case of a 
large extent of absorption of radiation. The model can also be used to explain the 
anisotropy caused by the alkyl chains in the absence of absorption, k = 0. The 
following relation should be assumed in case of no absorption: nx ≠ nz. The degree of 
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difference in the refraction indexes is a function of the inclination of the alkyl chains. 
The textures observed in the case of no absorption are very similar to that shown in 
Fig. 3.9. 
 In summary, we have described experimental evidence from the recent 
bibliography of the most relevant influence of the polar headgroup in the BAM images 
for Langmuir monolayers under well defined conditions. The relevance of the polar 
headgroup has been traditionally overlooked. A simple mathematical procedure using 
the Fresnel equations has been introduced, in the aim of offering a quantitative tool for 
further research in the detailed molecular arrangement of the polar headgroups in 
Langmuir monolayers.  
 
3.1.6 Conclusions 
 Traditionally, exclusively the structure of the alkyl chain of the amphiphilic 
molecules has been studied by BAM, although some authors studies the sensitive 
effect in a not declared way of head group changes on the domain morphology.29–32 In 
the cases of molecular recognition at the polar headgroup, the effect of the recognition 
agents has been successfully described. On the contrary, the relevance of the polar 
headgroup as the main contribution to the BAM pictures has not been described to a 
large extent. This review attempts to show that this is strictly correct only in the case 
of small polar headgroup, implying a strong hydration, with no absorbance of 
radiation. On the contrary, for bulky and absorbing polar headgroups, low hydration 
degree is expected: for such cases, the BAM images must be related to the reflectivity 
of these polar headgroups. The different experimental situations have been analyzed in 
terms of four different scenarios of study, allowing the correlation of the BAM 
pictures with a specific region of the Langmuir monolayer, either the alkyl chain or the 
polar headgroup. The significant influence of the polar headgroup in the BAM pictures 
has been demonstrated qualitatively for the mixed monolayers C18RhB: benzyl ester 
and Ir-dye: DMPA. 
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 The anisotropy in the BAM pictures is of special interest, being indicative of the 
existence of a high degree of order in the Langmuir monolayer. In those cases in 
which reflection is caused mainly by the polar groups, it is possible to obtain 
quantitative structural information of this region of the monolayer. This information 
can hardly be obtained from other experimental techniques. An example of this 
procedure has been discussed for the mixed monolayer SP:DMPA. 
 The simulation of the different textures of the domains has been used as a tool 
to attain the structural information. The reflected light (p-polarized) of thin films under 
Brewster angle incidence is not a linear phenomenon and the simulation is necessary 
to match the experimental results. The mathematical procedure has been described in 
great detail, allowing its application to different Langmuir monolayers. 
 A new experimental and theoretical framework has been revised from the recent 
bibliography, allowing the extraction of quantitative information on the arrangement 
of the polar headgroup from the BAM pictures. 
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3.1.7 Outlook 
 It would be intriguing to perform BAM experiments with different lasers at 
different wavelengths, which would allow enhancing the reflection of one of the 
regions within the domains at the expense of another, increasing or decreasing the 
absorption of the polar region. For the case of not relevant absorption of radiation 
from the polar headgroup at the different wavelengths, the BAM pictures would not be 
modified to a large extent when using different lasers. On the contrary, a substantial 
modification of the BAM pictures with the use of different lasers would be expected 
for an absorbing polar headgroup. The modification of the BAM pictures with the 
modification of the wavelength of the illuminating radiation is of special interest 
regarding the anisotropy within the domains. For anisotropical domains, one would 
expect noticeable changes in the morphology of the textures with the different 
wavelengths. A multiple-wavelength BAM instrument might offer the chance of 
visualizing either the polar headgroup or the alkyl chain at the Langmuir monolayer. 
For this selective visualization, a radiation with a wavelength that falls either inside or 
outside the absorption region of the polar headgroup could be used. Moreover, in case 
of different absorption maxima of the same polar headgroup, the selective excitation 
of a maximum of absorption would lead to a change in the morphology of the 
domains. The different observed morphologies could be related with the orientations 
of the different transition moments of the same chromophore headgroup, allowing for 
a sub-molecular resolution of the arrangement. Therefore, the use of different 
wavelengths in a single BAM experiment might lead to a new concept in the 
molecular description of the Langmuir monolayers. 
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Appendix 1. Reflection of incident light from a Langmuir monolayer 
Consider a system consisting of L layers (see Fig. 3.2C), located between two 
environments, air and water. P-polarized monochromatic radiation affects at the water 
Brewster angle α0 = 53.1º In this case, reflection can be determined from the following 
relations 
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where j=1, 2 … L (for a two-layer model, L=2). 
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Appendix 2. Absorption of radiation from the polar headgroup  
 The absorption constant, k, may be related to the absorbance, Abs, by  
 
A
2.303 Abs 2.303
4 4 N
λ λk
d d A
⋅ ⋅ ⋅ ⋅ ε= =⋅π ⋅ ⋅ π ⋅ ⋅ ⋅  (3.5) 
where we used Abs = εΓ =  ε/ANa, being, Na the Avogadro constant, Γ the surface 
concentration, ε the extinction coefficient, A the area per molecule and d the thickness 
of the absorbent layer. For example if we used λ = 532 nm, dp = 0.4 nm, ε = 5×103 M-
1cm-1y  A = 0.4 nm2,  we can obtain k ≈ 0.5. In any case, the above expression is only 
approximate, and valid for normal incidence and isotropic films. 
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Appendix 3. Simulation of the inner textures of domains caused by 
anisotropy in the arrangement of the polar headgroup 
 The anisotropic thin film is assumed to be a biaxial material with complex 
refractive indices (N1x, N1y, N1z). The incidence angle, α0, and transmission angle, αw, 
of multiply reflected waves are constants and related by n0sin(α0) = nwsin(αw), where 
n0 = 1 (air) and nw =1.333 (water) show the real refractive indices of the ambient and 
substrate, respectively (see Fig. 3.2C). In this case, we ignored the alkyl chain layer. 
 In BAM microscopy, the incident light is p-polarized and when the analyzer is 
set to 0°, only the p component of the reflection is observed. In such a case, the light 
reflection at the ambient/film interface can be expressed as follows (Fujiwara, H. 
Spectroscopic Ellipsometry. Principles and Applications; John Wiley & Sons: 
Chichester,England, 2007): 
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The total reflection coefficients for p-polarizations 
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Where 
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being λ = 532 nm the wavelength of the laser beam and d the thickness of the biaxial 
thin film. The reflectances for p-polarized waves are obtained by 
 
2
p 012pp=R r   (3.10) 
The complex refractive indices of anisotropic materials along the x, y, and z 
axes are given by Nx = nx − ikx, Ny = ny − iky, and N1z = n1z − ik1z, respectively. As only 
the p-component of the reflection is analyzed, the Ny component does not affect to the 
final result. On the other hand, the absorption coefficients can be expressed by means 
of 
  ( ) ( ) ( )2 2 2x 0 z 0sin cos cos= =k k θ k k θφ   (3.11) 
where the angles θ and Ԅ are those defined in Fig. 3.6B and α0 = 53.15º (Brewster 
angle).  
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 The UV-Vis reflection spectroscopy (UV-Vis-RS) in situ at the air–liquid 
interface provides information about tilt and aggregation of chromophores in 
Langmuir monolayers. This information is particularly important given in most cases 
the chromophore is located at the polar region of the Langmuir monolayer. This region 
of the Langmuir monolayers has been hardly accessible by other experimental 
techniques. In spite of its enormous potential, the application of UV-Vis-RS has been 
limited mainly to reflection measurements under light normal incidence or at lower 
incidence angles than the Brewster angle. Remarkably, this technique is quite sensitive 
to the tilt of the chromophores at values of incidence angles close to or larger than the 
Brewster angle. Therefore, a novel method to obtain the order parameter of the 
chromophores at the air–liquid interface by using s- and p-polarized radiation at 
different incidence angles is proposed. This method allowed for the first time the 
experimental observation of the two components with different polarization properties 
of a single UV-Vis band at the air–liquid interface. The method of UV-Vis 
spectroscopy under variable angle incidence is presented as a new tool for obtaining 
rich detailed information on Langmuir monolayers. 
 
 
Paper published in Phys. Chem. Chem. Phys., 16, 4012-4022, 2014. 
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3.2.1 Introduction 
 UV-Vis reflection spectroscopy (UV-Vis-RS) at the air–liquid interface was 
developed by D. Mobius et al. in the mid-80s.1–3 This technique is based on recording 
the variations of reflection of incident light at the air–liquid interface covered with a 
Langmuir monolayer containing chromophores with respect to the clean air– liquid 
interface (ΔR). This technique is an extremely useful tool in different cases of study, 
which concerns both the study of Gibbs4 and Langmuir monolayers.5 Thus, UV-Vis-
RS has been used for studying the interactions of various soluble components in the 
aqueous subphase, such as drugs,6,7 proteins8–10 and polyelectrolytes, 11–13 with ordered 
lipid Langmuir monolayers. Additionally, the study of ionic interactions,14–18 
molecular recognition,19–22 and inclusion complex formation,23 and analysis of 
phenomena such as photochromic,24–26 photoisomerization,27–33 charge and energy 
transfer,34–39 and photoinduced electron-transfer40–43 at the air–liquid interface have 
greatly benefited from the use of UV-Vis-RS.  
 The measurement of ΔR provides information on the tilt and aggregation of the 
chromophores at the air–liquid interface A large number of studies have been 
published concerning this subject.44–64 This information is particularly important given 
that in most of the cases the chromophore is located in the polar region of the 
Langmuir monolayer. This region is a hardly accessible region by experimental 
techniques such as GIXS or PM-IRRAS, which mainly provide information on the 
packing of the hydrophobic region. However, a nonlinear optical technique like 
second harmonic generation (SHG) and sum frequency generation (SFG) can probe 
specifically this interfacial polar region.65 Moreover, surface potential measurements 
at the water–air interface represent a very simple but effective method to obtain 
information on the polar head group region.  
 The applications of the UV-Vis-RS have been limited to reflection 
measurements under light normal incidence (LNI) in spite of the enormous potential 
of this technique. This limitation is mainly due to two reasons.  
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 First, a complete theory for the UV-Vis-RS under light variable incidence (LVI) 
angle at the air–liquid interface is not available in the existing literature. This lack of a 
theoretical background restricts the previous studies to angles lower than the Brewster 
angle.2,3,66 A large percentage of the methodology already developed for infrared 
reflection spectroscopy,67 or PM-IRRAS,68,69 can be applied in this case. However, no 
specific analytical criteria have been established for this type of spectroscopy in the 
UV-Vis region. 
 Second, for quite low absorption values as obtained in Langmuir monolayers 
and using LNI, the reflection intensities are proportional to the absorption.1 Under 
these circumstances,44,48 the use of LNI allows obtaining information on the 
chromophores tilt without the need for using more complex methods. This possibility 
is based on the experimental evidence of change of tilting of the chromophore with 
compression of the monolayer. Additionally, the oscillator strength of the 
chromophore is assumed to be conserved in its different aggregation modes.70,71 
However, this method cannot be applied in all cases due to either bands overlapping 
with different transition dipoles orientations, or significant changes in the oscillator 
strength with compression of the Langmuir monolayer.  
 Herein, the UV-Vis-RS under LVI is described from a theoretical and 
experimental point of view. This technique is very sensitive to the chromophores tilt, 
provided p-polarized incident radiation and incidence angle values are close to or 
greater than the Brewster angle of the air–water interface, i.e., 53.15º. Note that the s-
polarized radiation does not provide information about the chromophores tilt, being 
exclusively sensitive to the in-plane component of the transition dipole. The UV-Vis-
RS under LVI technique is closely related to the Vis-spectroscopic ellipsometry.72,73 
Note that |Rp/Rs| = tan(ψ)·exp(i·∆). In UV-Vis-RS the absolute reflections are 
experimentally measured, while in VIS-spectroscopic ellipsometry the ψ and ∆ angles 
are measured. The absolute reflection is a more convenient magnitude to obtain 
experimentally for very small thickness of the proved film, i.e., in Langmuir 
monolayers. Moreover, the UV-Vis-RS under LVI requires the absorption of the 
incoming radiation from the chromophores at the air–liquid interface. Therefore, the 
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physical interpretation of the experimental data in UV-Vis-RS under LVI is rather 
simple than in ellipsometry. These experimental data can be directly related to the 
absorption of incoming radiation by the Langmuir monolayer, and the relative 
orientation of the chromophores.  
 Two experimental examples are studied. First, the Langmuir monolayer 
containing an amphiphilic derivative of the Rhodamine dye where the LNI method 
could be applied. The results are compared with those obtained using polarized 
radiation with a variable incidence angle. In the second example, an amphiphilic 
derivative of the hemicyanine dye is studied, where the splitting of the absorption 
band is observed. In the latter case, this absorption band has two components with 
different polarization properties. Therefore, the LVI method has to be applied to 
determine both components of the tilting of the hemicyanine moiety.  
 
3.2.2. Experimental 
Materials 
 Rhodamine B octadecyl ester perchlorate (RhB), hemicyanine dye, 4-[4-
(dimethylamino)styryl]-1-docosylpyridinium bromide (SP) and stearic acid (SA) were 
purchased from Sigma-Aldrich and used as received. The pure solvents chloroform 
and methanol were purchased from Aldrich (Germany) and used without further 
purification. 
 A mixture of chloroform:methanol, ratio 3 : 1 (v/v), was used as spreading 
solvent for solving both components. The standard solvent used for spreading 
Langmuir monolayers is chloroform. However, we found in our experiments that 
chloroform itself might lead to problems with reproducibility and not complete 
dissolution of the surfactants. By adding the specified fraction of methanol, 
reproducibility and total homogeneity of the stock solutions were ensured. The pure 
solvents were obtained without purification from Aldrich (Germany). Ultrapure water, 
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produced by a Millipore Milli-Q unit, pretreated by a Millipore reverse osmosis 
system (resistivity > 18.2 MO cm), was used as a subphase. The subphase pH was 5.7. 
The temperature was T = 21 ºC, controlled by a water thermostat. 
Methods 
 A NIMA 611D Langmuir trough (Nima Technology, Coventry, England), 
provided with a Wilhelmy type dynamometric system using a strip of filter paper, with 
one moving barrier for the measurement of the reflection spectra was used. The 
Langmuir monolayers were compressed at a speed of ~ 0.1 nm nm2 min-1 molecule-1.  
 UV-visible reflection spectra under normal and variable angle incidence were 
obtained using Nanofilm Surface Analysis Spectrometers; Ref SPEC2 for normal 
incidence and RefSpec2VA for variable angle incidence (supplied by Accurion 
GmbH, Göttingen, Germany).  
 UV–visible electronic absorption spectra of the films were recorded locating the 
substrate directly in the light path on a Cary 100 Bio UV-visible spectrophotometer.  
 Theoretical reflection calculus and numerical fitting were made using Mathcad 
program.  
 
3.2.3 Theory 
Reflection at the air–liquid interface under light normal incidence 
 Under LNI, the absorption by a film located on the surface of a given interface 
increases the total reflection of radiation at this interface. In case the absorption is 
small, i.e., less than 0.05 percent of the incident radiation, as usually found in 
Langmuir monolayers:1  
    D,S S SnR R R R AsΔ = − ≈ ⋅   (3.12) 
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where ΔRn is the increase of reflection under normal incidence. RS and RD,S are the 
intensities of reflection of incoming radiation in the absence and presence of a 
Langmuir monolayer, respectively. As is defined as the absorption of incident 
radiation from the Langmuir monolayer. The above relationship can also be expressed 
by:44,48 
    3 S2.303 10n oR f RΔ ≈ × Γε   (3.13) 
where ε is the molar absorptivity with units M-1·cm-1, Γ is the surface concentration in 
mol·cm-2, and fo is the orientation factor. The orientation factor compares the average 
orientation of the dipole transition at the air–liquid interface with respect to the 
orientation in bulk solution. For an uniaxial chromophore the orientation factor is 
given by:48 
    ( )20 3 3( )2 2f sen Pθ θ= =   (3.14) 
where θ is the angle between the normal to the air–liquid interface and the direction of 
the transition dipole of the absorption band, see Scheme 3.1. The brackets indicate 
average values. P(θ) is also called the order parameter. 
 
Scheme 3.1 Schematic illustration of reflection at a three-layer system in which layer 0 is air, 
layer 1 the thin film, and layer 2 is the subphase (water). Black arrows represent the light 
incidence and the red arrow represents the transition dipole direction. 
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 The influence of surface concentration on the reflection spectrum can be 
eliminated by normalizing that given spectrum by the surface area:48 
17
N 80
S 0
A
2.303 10 5.41 10n n
fR A R R f
N
−×Δ = × Δ = = ×ε ε   (3.15) 
where A is the area occupied per chromophore molecule and NA is Avogadro's number. 
RS = 0.02 has been used as the reflection value for the bare air–liquid interface. ΔRnN is 
expressed in nm2·molecule-1.  
 Eqn (3.15) provides a method to detect the presence of chromophores at the air–
liquid interface using measurements of the increase of reflection of incoming radiation 
in a Langmuir monolayer-covered air–liquid interface with respect to the bare air–
liquid interface. The amount of chromophore can be effectively quantified. Moreover, 
information about the orientation of the chromophore can be obtained. Typically, ΔRn 
values are about 10-3, so they are usually expressed in % (ΔRn×100). For example, if ε 
=  105  M-1·cm-1, and A = 1 nm2 (Γ = 1.67×10-10 mol/cm2), a value of  ΔRn(%) = 0.54 is 
obtained. In fact, the described method is quite sensitive for chromophores with high ε 
values. On the other hand, values of reflection increase of ∆R(%) ≥ 0.005 could be 
detected as a function of the incidence angle with an adequate signal-to-noise ratio, 
see Fig. 3.19b. The limit of detection is below this value, and might depend on the 
physicochemical features of the Langmuir monolayer and the subphase. The minimum 
value of the extinction coefficient that can be detected using the present 
instrumentation mainly depends on: (a) the surface area and (b) the reflection of 
radiation from the monolayer even in the absence of absorption. In most of the cases, 
this minimum value of the extinction coefficient is estimated to be in the range of 103-
102 M-1 cm-1.  
 Eqn (3.13) ultimately aims to compare the reflection and bulk spectra. This 
comparison can be quantitatively expressed as the order parameter, P(θ). 
 Unfortunately, the order parameter, P(θ), cannot be obtained straightforwardly, 
given the molecular aggregation of the chromophores at the air–liquid interface, which 
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in turn result in significant variations of ε(λ). The effect of these variations in ε(λ) can 
be assessed by relating the values of the oscillator strength in both media, i.e., the air–
liquid interface and bulk solution. The intensity of an electronic absorption band is 
usually represented in terms of the so-called oscillator strength, f:74  
  190 e 02
A band band
4 2.303 d 1.44 10 dε m cf= ε υ ε υ
N e
−⋅ = × ⋅∫ ∫   (3.16) 
Where ε0 is the vacuum permittivity, me and e are the electron mass and charge, 
respectively, and c0 is the speed of light in vacuum. The numerical factor 1.44×10-19  
has units of mol L-1·cm·s. A method for calculating the apparent oscillator strength 
through the integration of the normalized reflection band can be obtained by 
combining eqn (3.15) and (3.16), 
  ( ) 12 N0 n3 2.66 10 d2ap bandf f f f P R
−= × = × θ = × Δ υ∫   (3.17) 
where the factor 2.66×10-12 has units of nm-2·s. Note that in the above definition, f is 
the oscillator strength in solution, i.e., isotropic conditions. According to the Davidov 
model corresponding to excited states of weakly interacting molecules, oscillator 
strength is preserved in different aggregation states.70,71 In such a case, the variations 
of fap provide a direct measurement of the parameter order of the chromophores at the 
air–liquid interface. Eqn (3.17) has been applied to a number of different Langmuir 
monolayers, allowing a correct estimate of the average orientation of the transition 
dipoles at the air–water interface.48–50,52–57,63 This method is referred to as LNI.  
 The LNI method cannot be applied in certain cases, such as bands overlapping 
with different transition dipoles orientations, or oscillator strength not preserved with 
compression of the Langmuir monolayer. These limitations have been usually 
overcome by transferring the Langmuir monolayers to a solid support, and 
subsequently analyzing the transmission spectra with incident s- and p-polarized 
radiation at different incidence angles.64,75 However, the transference of the Langmuir 
monolayer to a solid support can result in significant variations of the molecular 
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arrangement within the monolayer. A method allowing the determination of the order 
parameter in situ at the air–liquid interface is therefore most desirable. 
 
Reflection at the air–liquid interface under inclined radiation incidence 
 The Fresnel expressions for the reflection of s- and p-polarized radiation at 
different incidence angles (α0) originated for an anisotropic biaxial film between two 
isotropic media, e.g., air and water, are provided in the Appendix. The complex 
refractive  indices of anisotropic materials are given by Nq = nq –ikq, where, q ≡ x, y, z, 
nq is the real part of the reflective index and kq is the absorption constant along each 
axes. This theoretical model can be simplified as shown below, to reduce the number 
of unknown parameters. The variations in reflection are assumed to be caused mainly 
by absorption, and nx = ny = nz = n1 can be assumed. In the region of spectral 
absorption, the dispersion of the real part of the refractive index can reach large 
values, as determined via the Kramers–Kronig relation.76 However, this dispersion is 
zero at the wavelength of absorption maxima. Therefore, exclusively the increase of 
reflection at the wavelengths corresponding to the absorption maxima has been 
considered.  
 Furthermore, the examples discussed below correspond to uniaxial materials, 
and the film is assumed to be isotropic in the interface plane (x–y plane), so we can 
write 
 
( )
( ) ( ) [ ]
2
x y iso iso
2 2
z iso iso iso
3 3sin ( )
2 2
3 cos 3 1 sin 3 1 ( )
k k k θ k P θ
k k θ k θ k P θ
= = =
⎡ ⎤= = − = −⎣ ⎦
  (3.18) 
where kiso is the absorption constant in an isotropic media. Using this model the 
reflection of the film at a given incidence angle, α0, and wavelength, λ, depends of four 
experimental parameters; film thickness (d), reflective index, n1, and the kiso and P(θ). 
Under these conditions and under LNI, absorption and the in-plane component of the 
absorption constant, kx are related by:77 
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      2 x
dAs kπλ
4 ⋅= ⋅   (3.19) 
Eqn (3.11) and (3.19) can be combined to obtain ΔRn as a function of the the 
absorption constant kx. A molecule with ε = 105 M-1·cm-1, which occupies at the air–
liquid interface an area, A = 1.0 nm2, with d = 2 nm and λ = 500, displays a value of 
kiso ≈ 0.38.  
 
Fig. 3.10. Plot of ΔRs (red) and ΔRp (blue) vs α0, being d = 2 nm, n1 = 1.55, kiso = 0.5, P(θ)  = 
0.8, and λ = 500 nm.  
 
 The plot of ΔR vs α0 for d = 2 nm, n1 = 1.55, kiso = 0.5, P(θ)  = 0.8 and λ = 500 
nm is shown in Fig. 3.10. ΔR (ΔRs, ΔRp or ΔRn) represents the difference between the 
reflection of incoming radiation from the bare air–liquid interface and the Langmuir 
monolayer-covered air–liquid interface, see Fig. 3.10. Note that reflection is expressed 
in percentage (%). Using these parameters and under normal incidence reflection, ΔRn 
(%) = 0.509 is obtained.  
 ΔRs (red solid line, Fig. 3.10) is always positive for the considered set of 
parameters. ΔRs is higher than ΔRn except for angles close to 90º. ΔRp (blue dashed 
line, Fig. 3.10) is lower than ΔRn, not being always the case as discussed below. ΔRp 
can be either positive or negative. The existence of negative bands, as in IR reflection-
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absorption spectroscopy,67,68 takes place exclusively for p-polarized light with very 
thin films and for incidence angles near or higher than the Brewster angle, i.e., 53.15º 
for the air–liquid interface. In these cases and depending on the experimental 
conditions, the reflection of incident light from the Langmuir monolayer-covered air–
liquid coated interface might be lower than the bare air–liquid interface. This 
phenomenon is quite sensitive to the optical properties of the Langmuir monolayer.  
 
Fig. 3.11. a) Plot of ΔRs/ΔRn and b) ΔRp/ΔRn  vs α0, being d = 2 nm, n1 = 1.55, kiso = 0.5 and λ = 
500 nm. The different P(θ) values are indicated in the figure. 
 
 Both ΔRs and ΔRn show dependence on kx = ky,, i.e. the component on the x–y 
plane of the absorption constant, see eqn (3.18). Note that ΔRs and ΔRn do not depend 
on kiso and P(θ) separately. Therefore, P(θ) cannot be obtained through ΔRs and ΔRn, 
see Appendix. Fig. 3.11a shows the representation of ΔRs/ΔRn versus α0 for λ = 500 
nm, d = 2 nm, n1 = 1.55, kiso = 0.5, and different P(θ) values. The plot of ΔRs/ΔRn has 
been used to allow the direct comparison of the different plots. The plot of ΔRs/ΔRn is 
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practically independent of the P(θ) value, see Fig. 3.11a, indicating that the curves do 
not offer information about the dipole orientation, but only about the in-plane 
component of the dipole. 
 The variation of ΔRp/ΔRn vs α0 assuming the same conditions as above is shown 
in Fig. 3.11b. The trend in this variation reaches larger values mainly for angles 
greater than the Brewster angle. This variation depends both in kiso and P(θ), therefore 
allowing the calculation of P(θ). Fig. 3.11 clearly shows the enormous potential of the 
UV-Vis-RS under LVI, given that either positive or negative bands are obtained based 
solely on the transition dipole tilt of the chromophores at the air–liquid interface. Note 
that this feature requires incidence angles greater than or close to the Brewster angle, 
and incident p-polarized radiation.  
 The variation of ΔRp/ΔRn vs α0shown in Fig. 3.11 depends on the absolute value 
of kiso, d, and n1. Therefore, although the curves show the qualitative trend, P(θ) 
cannot be assessed in a general manner. A reliable criterion to estimate an 
approximate P(θ) value without requiring the numerical fitting of experimental data is 
highly desirable. The dichroic relationship ΔRp/ΔRs can be used to this end. Fig. 3.12 
shows the representation ΔRp/ΔRs vs. P(θ) for kiso = 0.5 at different incidence angles. 
 
Fig. 3.12. Plot of ΔRp/ΔRs vs P(θ), being d = 2 nm, n1 = 1.55, kiso = 0.5  and λ = 500 nm. The 
different incidence angles values, α0, are indicated in the figure. 
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 The curves shown in Fig. 3.11 and 3.12 cannot be used in a general manner, as 
discussed above. However, the relationship ΔRp/ΔRs is approximately coincident with 
those shown in Fig. 3.12, under the conditions: d ≤ 3 nm and 1.75 ≥ n1 ≥ 1.45, and 
leads to errors in the estimation of P(θ) which are at most 10% when used for kiso 
values in the range of  1.5 ≥ kiso ≥ 0.05. These values are typical in Langmuir 
monolayers. As commented, the curves shown in Fig. 3.11 and 3.12 exclusively offer 
an approximate value of P(θ). More accurate values require the numerical fit of the 
experimental values.  
 From a purely theoretical perspective, a wide range of experimental 
measurements of ΔRp and ΔRs as a function of α0 would allow the determination of the 
four parameters of the described model, i. e., kiso, P(θ), d and n1 by numerical fitting. 
However, this information cannot be accessed using this wide range of measurements 
due to experimental limitations. In the case of the experimental setup used herein, 
measurements for α0 > 70° and α0 < 20° are not available. Moreover, the reflection of 
radiation under incident angles α0> 70° using p-polarized radiation is greatly sensitive 
to the optical properties of the film, see Fig. 3.11. The incidence angle of 83º appears 
as the optimum angle at which the greater variation of reflection is obtained. 
 These limitations can be overcome by separately measuring n1 and d, for 
example, by using ellipsometry at a wavelength without absorption. Alternatively, an 
estimation of these parameters prior to the experimental measurements might be 
performed. A value, n1 = 1.55 has been used in the examples discussed below, 
provided that values of n1 = 1.5-1.6 are quite common for thin films of organic 
matter.50,77,78 This n1 value should be understood as an average refractive index arising 
from the refractive indices of the hydrophobic region, formed by the alkyl chains, and 
the polar region, formed in our case by bulky chromophores groups. Additional 
numerical fittings have been made in the experimental examples shown above, 
considering n1 = 1.45 and n1 = 1.65, resulting in no differences in the obtained values 
of P(θ). The film thickness was estimated before fitting from CPK models, taking into 
account the molecular area given by the compression state of each Langmuir 
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monolayer. Concerning the tolerance of the obtained order parameters to variations in 
the film thickness, variations up to ca. 25% in the estimated thickness do not modify 
the obtained value of P(θ). 
 The characteristic features of the Langmuir monolayers, i.e., quite small 
thickness, d << λ, result in that the exact values of n1 and d are not required to 
determine the order parameter, P(θ). The value of kiso depends on the considered 
values of n1 and d in the numerical fitting. On the other hand, P(θ) does not depend on 
these values of n1 and d under these conditions of quite small thickness and values of 
kiso in the range of 1.5 - 0.05.  
  Two experimental examples are considered herein to obtain P(θ), illustrating 
the described theoretical procedures. First, the method described in Section 3.1 has 
been applied, i.e., unpolarized LNI. The results have been compared with the method 
described in Section 3.2, i.e., s- and p-polarized LVI. Second, a case in which the LNI 
method cannot be applied has been considered.  
 
3.2.4 Experimental results 
Rhodamine-containing Langmuir monolayers 
 The surface pressure–molecular area isotherm for the surface active derivative 
of Rhodamine C18RhB is shown in Fig. 3.13.79 The overshoot of the surface pressure 
takes place at A = 1.7 nm2. The collapse takes place at approximately A = 0.63 nm2 
and π = 32 mN m-1.  
 The reflection under light normal incidence from the Langmuir monolayer at 
different surface areas is shown in Fig. 3.14a. The spectrum in bulk solution using 
chloroform:methanol = 3 : 1 as a solvent has been included for comparison, see Fig. 
3.14a, dashed line. The absorption spectrum of C18RhB shows a band at 550 nm and a 
vibronic shoulder at 520 nm for highly diluted samples and no aggregation. 
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Fig. 3.13. Surface pressure - area (π - A) isotherm of C18RhB. The molecular structure of 
C18RhB is shown in the inside. The transition dipole moment is indicated by the red arrow. 
 
 This vibronic shoulder at 520 nm coincides with the same wavelength as the H-
aggregation band found at large concentration values of C18RhB.80,81 ΔRn increases 
with the decrease of the surface area, indicating that the surface density of the 
chromophore increases upon compression of the Langmuir monolayer. Additionally, 
the main absorption band is shifted from 568 nm to 580 nm as the monolayer is 
compressed. This shift might be related to the formation of J-aggregates of the 
Rhodamine moiety at the air–liquid interface.  
 The reflection spectra shown in Fig. 3.14 have been normalized by the 
molecular area of C18RhB, eqn (3.15). The apparent oscillator strength of each 
reflection spectra has been obtained, according to eqn (3.17). The oscillator strength of 
the C18RhB molecule in bulk solution has been also obtained, with f = 0.631. This 
value of oscillator strength is close to those observed for other Rhodamine 
derivatives.82 Taking the mentioned data into account, P(θ)  is obtained from eqn 
(3.17). The obtained values of P(θ)  vs. the molecular area of C18RhB are shown in 
Fig. 3.14b. The P(θ)  values range from P(θ) ≈ 0.8 at π  ≤ 3 mN/m, to P(θ) ≈ 0.58 at π 
= 30 mN/m. 
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Fig. 3.14. a) Reflection spectra, ΔRn(%), of the RhB monolayer at different surface areas. b) 
Order parameter - area  plot (P(θ) - A), obtained from spectra using equation (6), assuming a 
value of f = 0.631. 
 
 The reflection spectra using s- and p-polarized light at variable incidence angle 
are shown in Fig. 3.15, at surface pressures of 3 and 30 mN/m, see Fig. 3.15. The 
reflection spectrum obtained at normal incidence is displayed as black lines. For an 
incidence angle of α0 = 70º, we obtain ΔRp/ΔRs = -0.24 and ΔRp/ΔRs = -0.14 at π = 3 
and 30 mN/m, respectively. According to Fig. 3.12, these values of ΔRp/ΔRs ratios 
yield P(θ) ≈ 0.88 and P(θ) ≈ 0.6 at  π = 3 and 30 mN/m, respectively. These estimated 
P(θ) values are in good agreement with the values shown in Fig. 3.14b.   
 A more accurate calculation of P(θ) requires numerical fitting of the 
experimental data, as commented above. Assuming n1 = 1.55 as commented above, 
the estimated values of thickness were d ≈ 1.2 and d ≈ 2 nm, for π = 3 and π = 30 
mN/m, respectively. Using these values, the numerical fitting of kiso and P(θ) can be 
performed by the minimized leastsquares fitting method. 
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Fig. 3.15. Reflection spectra, ΔRn (black lines), ΔRs (solid line), and ΔRp (dashed line) of the 
C18RhB Langmuir monolayer at different incidence angles, for a) π = 3 mN/m, and b) π = 30 
mN/m. The incidence angle and the s- or p- polarization are indicated in the figure.  
 
 
Fig. 3.16. Circles: Experimental ΔRs and ΔRp of the RhB monolayer, correspond at the 
wavelengths of the absorption maxima, (a) λ = 568 nm for π = 3 mN/m (b) and λ = 580 nm for 
π = 28 mN/m. The solid lines correspond to the theoretical variation of  ΔRs (red) and ΔRp 
(blue) vs α0 for: (a) n1 = 1.6, d = 1.2 nm, kx = 0.99 and kmax = 1.3. (b) n1 = 1.6, d = 2 nm, kx = 
0.74 and kmax = 1.2. 
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 The experimental ΔRs and ΔRp values at the absorption maxima, λ = 568 and λ = 
580 nm at π = 3 and 30 mN/m, respectively, are shown in Fig. 3.16 (circles). The 
calculated variation of ΔRs (red solid line) and ΔRp (blue dashed line) vs. the incidence 
angle, using the values of the parameters obtained in the numerical fitting, is shown in 
Fig. 3.16 as solid lines. kiso = 0.78 ± 0.07 and P(θ) = 0.88 ± 0.08 were obtained for π = 
3 mN/m. kiso = 1.0 ± 0.1 and P(θ) = 0.54 ± 0.06 were obtained for π = 30 mN/m, in 
good agreement with the results obtained previously by the normal incidence method, 
see Fig. 3.14. 
 
 Mixed monolayers of a hemicyanine dye and stearic acid  
 The mixed Langmuir monolayer of the hemicyanine dye, 4-[4- 
(dimethylamino)styryl]-1-docosylpyridinium bromide (SP) and stearic acid (SA) in 
the molar ratio 1 : 1 has been described in a previous report.64 The surface pressure–
molecular area isotherm of this mixed Langmuir monolayer is shown in Fig. 3.17 
along with the chemical structures of SP and SA molecules.  
 The reflection spectrum under normal incidence of light is shown in Fig. 3.18. 
The reflection spectra show a low-energy band at 475 nm, corresponding to the π-π* 
transition of the chromophore in trans-configuration at low surface pressures.46,83 With 
the compression of the mixed Langmuir monolayer, i.e., the increase of the surface 
pressure, the maximum wavelength in the reflection spectra was shifted to shorter 
wavelengths, from 475 nm to 410 nm. The band is additionally clearly deformed, 
displaying a shoulder at ca. 500 nm. 
 The shape of the absorption band of the hemicyanine is due to splitting of the 
band.64 The band splitting has been related to the existence of non-equivalent 
molecules per unit cell in the aggregate. According to Davidov’s exciton theory, a 
given molecular energy level may be split into as many components as there are 
nonequivalent molecules per unit cell.70,84 For the mixed SP:SA Langmuir monolayer  
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Fig. 3.17. Surface pressure - area ( π - A) isotherm of SP:SA = 1:1 mixed monolayer, and 
molecular structures. Red arrow indicates the transition dipole moment direction. 
 
the absorption band has two components with different polarization properties, as 
observed by polarized UV-Vis transmission spectroscopy of the LS films.64 
  The close proximity between hemicyanine groups in the Langmuir 
monolayer leads to a strong repulsion between their dipole moments, despite the 
compensation of the positive charge of hemycianine with the negative charge of 
stearic acid. The partial rotation of the hemicyanine groups in opposite directions 
might occur to reduce this repulsion energy, see Fig. 3.18b. For clarity, the two SP 
molecules are displayed in different colors. In this configuration, the transition dipoles 
are not parallel. The addition of the transition dipoles leads to two optically active 
components: one almost perpendicular to the support, with the maximum absorption at 
~ 410 nm (H component), and another almost parallel to the support, at ~ 500 nm (J 
component), see Fig. 3.18b. In this scenario, the method described in Section 3.1 
cannot be used to determine the order parameter, P(θ).64 
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Fig.3.18. (a) Reflection spectra, ΔRn(%), of the SP:SA = 1:1 mixed Langmuir monolayer at 
different values of surface area. (b) A) Schematic representation of the hemicyanine 
aggregation model. Blue and green arrows indicate the transition dipole of each molecule. 
Black arrows indicated the two optically active components of the transition dipole addition. 
   
  The reflection spectra using light polarized under variable angle incidence 
are shown in Fig. 3.19. The reflection spectrum obtained under light normal incidence 
is shown as the black line in Fig. 3.19 for comparison. All reflection spectra were 
recorded at a surface pressure of π = 35 mN/m. The spectra obtained with s-polarized 
radiation, Fig. 3.19a, display a similar shape as those obtained at normal incidence. As 
previously commented, the s-component of the spectra exclusively depends on kx, not 
offering information on the orientation of the transition dipoles. Therefore, these 
reflection spectra are expected not to exhibit any change in shape, i.e., splitting  of the 
band.  
 The reflection spectra using p-polarized radiation are shown in Fig. 3.19b. The 
spectrum obtained under normal incidence is shown for reference, see the black line in 
Fig. 3.19. The analysis of these reflection spectra clearly shows how the two 
components of the absorption band can be solved. For α0 = 50º (blue line), ΔRp ≈ 0 is 
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obtained at λ = 410 nm, whereas ΔRp > 0   is obtained at 500 nm. On the other hand, 
for  α0 > 54º, ΔRp > 0 is obtained at λ = 410 nm, whereas ΔRp < 0 is obtained at 500 
nm. The excellent resolution obtained for resolving the two components of the spectra 
cannot be achieved by transmission spectroscopy. Therefore, the great potential of the 
UV-Vis reflection spectroscopy is demonstrated by the results in Fig. 3.19. 
 
Fig. 3.19. Reflection spectra of the SP:SA = 1:1 mixed Langmuir monolayer at π = 35 mN/m, 
(a) Rs and (b) ΔRp. The incidence angles are indicated in the Figure. ΔRn (black lines) is shown 
as a reference. 
  
 The experimental values for ΔRs and ΔRp vs α0, for λ = 410 and 500 nm, i.e., the 
wavelength corresponding to the absorption maxima of each component, are shown as 
circles in Fig. 3.20, circles. In a first approximation, the relations used in Fig. 3.12 
have been applied to estimate the value of P(θ). Thus, for λ = 410 nm, and α0 = 65º, 
ΔRp/ΔRs = +0.2 is obtained. On the other hand, for λ = 500 nm, ΔRp/ΔRs = -0.14 is 
obtained. According to Fig. 3, these ΔRp/ΔRs ratios correspond to P(θ) ≈ 0.15 and P(θ) 
≈ 0.7 at λ = 410 and 500 nm, respectively  
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Fig. 3.20. Circles: Experimental ΔRs and ΔRp of the SP:SA = 1:1 mixed Langmuir monolayer 
for π = 35 mN/m, corresponding to the wavelengths (a) λ = 410 nm (b) and λ = 580 nm. The 
solid lines correspond to the theoretical variation of  ΔRs (red) and ΔRp (blue) vs α0 for: (a) n1 = 
1.6, d = 2.5 nm, kx = 0.11 and kmax = 1.1. (b) n1 = 1.6, d = 2.5 nm, kx = 0.07 and kmax = 0.11. 
 
 More accurate values of P(θ) can be obtained through numerical fitting. 
Assuming, as in the previous cases, a value of n1 = 1.55, the estimated thickness of the 
Langmuir monolayer at at π = 35 mN/m has been d ≈ 2.5 nm. The solid red (s) and 
blue (p) lines in Fig. 20 correspond to the theoretical predictions for the values of the 
parameters obtained after the numerical fitting. Thus, we obtain kiso = 0.30 ± 0.02 and 
P(θ) = 0.24 ± 0.02  , for λ = 410 nm, while kiso = 0.098 ± 0.006 and P(θ) = 0.71 ± 0.04 
for λ = 500 nm are obtained. The P(θ) obtained values are in good agreement with 
those obtained previously for Langmuir–Blodgett films of the mixed Langmuir 
monolayer,64 P(θ)  = 0.28 for λ = 405 nm, and P(θ) = 0.69 for λ = 510 nm, by using 
transmission spectroscopy of s- and p-polarized radiation at different incidence angles. 
 A hemicyanine dye closed to SP has been studied at the air– water interface by 
using second harmonic generation.85 In this study and at higher compression the 
aggregation and tilt of the hemicyanine is confirmed although the average values of tilt 
of the chromophore is not provided.  
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3.2.5 Conclusions 
 The UV-Vis reflection spectroscopy provides highly valuable information on 
tilt and aggregation of chromophores at the air–liquid interface. Owing to a lack of 
theoretical background, the use of UV-Vis Reflection Spectroscopy has been restricted 
to normal incidence.  
Herein, a method to obtain the order parameter P(θ), from ΔR measurement by 
using s- and p-polarized radiation at different incidence angles has been presented. 
This method can be applied for any anisotropic thin film between two isotropic media, 
i.e., air and liquid in this case. Therefore, the UV-Vis reflection spectroscopy is highly 
sensitive to the tilt of the chromophores in the incidence angle regions close to or 
greater than the Brewster angle of the air–liquid interface using p-polarized radiation. 
 Two experimental examples illustrate the use of the method. First, a Rhodamine 
amphiphilic derivative. Second, a mixed Langmuir monolayer containing a 
hemicyanine derivative. In the first case, P(θ) at two values of surface pressure is 
successfully obtained. In the second case, the two components with different 
polarization properties have been completely solved by using p-polarized light and 
incidence angles next to or greater than the Brewster angle. 
 Therefore, the standard usage of UV-Vis reflection spectroscopy has been 
presented, along with a new method for further advancing the use of this experimental 
technique. The theoretical background of this method has been thoroughly described; 
moreover two experimental examples have been included to illustrate its practical 
application. We expect the present work to inspire novel experiments in which 
privileged and richly detailed information on Langmuir monolayers can be achieved. 
A most appealing possibility would be to extend this spectroscopy to 2D mapping, 
allowing the imaging of the Langmuir monolayer. The different phases in the case of 
domains could be studied separately, and given enough lateral resolution, even the 
different sections within the domains.  
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Appendix 
 The anisotropic thin film is assumed to be material with the complex refractive 
indices of Nx, Ny, Nz. As shown in Scheme 3.1, the reflection incidence angle α0 and 
transmission angle α2  of multiply reflected waves are constants and are related by 
n0sin(α0) = n2sin(α2), where n0 = 1 (air) and n2 =1.333 (water) show the real refractive 
indices of the ambient and the substrate, respectively. 
 In this case, the light reflection at the ambient/film interface can be expressed as 
follows:76 
 
( ) ( )( )
( ) ( )( )
1/222 2
x z 0 0 z 0 0
01pp 1/222 2
x z 0 0 z 0 0
cos sin
cos sin
N N α n N n α
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N N α n N n α
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The total reflection coefficients 
 ( )( )01xx 12xx x012xx 01xx 12xx x
exp 2
1 exp 2
r r i β
r
r r iβ
+ − ⋅ ⋅= + − ⋅  (3.24) 
where x = s or p and 
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 ( )( )1/222 2xp z 0 0
z
2 sind Nβ N n α
λ N
π= −  (3.25) 
( )( )1/222 2s y 0 02 sindβ N n αλπ= −  (3.26) 
where λ is the wavelength, and d is the thickness of the thin film. We obtain the 
reflectances for x = s or p-polarized waves as follows: 
  2x 012 xxR r=  (3.27)  
 The complex refractive indices of anisotropic materials along the x, y, and z 
axes are given by Nx = nx −ikx, Ny = ny −iky, and Nz = nz −ikz, respectively. 
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 Mixed Langmuir monolayers and Langmuir–Schaefer (LS) films containing the 
cationic metallosurfactant bis(2-phenylpyridine)(4,40-diheptadecyl-2,20-bipyridine)-
iridium(III) chloride (Ir-complex) and the anionic tetrakis(4-
sulfonatophenyl)porphyrin (TSPP) in 4 : 1 molar ratio have been successfully 
prepared by the co-spreading method at the air–water interface. The presence of both 
luminescent species at the interface, as well as the organization of the TSPP 
underneath the Ir-complex matrix in Langmuir and LS films, is inferred by surface 
techniques such as π–A isotherms, reflection spectroscopy, Brewster angle microscopy 
(BAM) and UV–visible absorption spectroscopy. A red-shift in the absorption band of 
the porphyrin under the compression of the mixed monolayer suggests the J-
aggregation of the TSPP under the Ir-complex matrix. To date, this is the first report of 
Langmuir and/or LS films containing these two types of species together. 
Furthermore, the intermolecular energy transfer between Ir-complex and TSPP 
molecules in solution and in transferred mixed films is investigated through steady-
state fluorescence and lifetime measurements. These results indicate that eﬀective 
intermolecular energy transfer occurs from the Ir-complex to the TSPP molecules in 
LS films. The influence of the spatial proximity of donor and acceptor molecules has 
been studied by the insertion of lipid interlayers among them. 
 
Paper published in Phys. Chem. Chem. Phys.13, 2834–2841, 2011. 
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3.3.1 Introduction 
Several methods to build well-ordered molecular assemblies are being 
developed as a current objective of the Supramolecular Chemistry.1,2 For these 
purposes, the air−water interface is an ideal model, as it allows for the assembly of 
organized ultrathin films containing different molecules with various  functions and 
well-defined architectures (composition, structure, and thickness), by using the 
Langmuir trough technique. Furthermore, Langmuir monolayers can be transferred 
onto solid substrates by vertical deposition (Langmuir–Blodgett film, LB) or 
horizontal touching (Langmuir–Schaefer film, LS). Among the different available 
deposition methods, these techniques offer the possibility of arranging molecules and 
preparing highly-ordered ultrathin multilayers with precisely controlled thickness at 
the molecular level. Therefore, LB and LS techniques are interesting not only in a 
fundamental way, but they are also powerful tools for studying distance dependent 
energy and electron transfer processes.3 
 In this work, we report on the formation of a mixed monolayer at the air–water 
interface and transferred by the LS method onto a solid substrate, containing two 
luminescent molecules: an amphiphilic monocationic Ir(III) metallosurfactant, Ir-
complex, and a tetraanionic water-soluble porphyrin, TSPP (see Scheme 3.2). The Ir-
complex used here belongs to the family of organometallic triplet emitters, which are 
receiving great attention not only because of their use in electroluminescent devices,4–7 
and gas sensing,8–10 but also in biomedical applications.11,12 Water-soluble porphyrins 
may be regarded as models of native porphyrin derivatives in the physiological state, 
as their structural simplicity, in comparison to the native analogues, facilitates the 
understanding of structure–biological activity relations. Moreover, porphyrin 
aggregates have attracted much attention as potential candidates for applications in 
non linear optics, nanometre-sized photoconductors, light-harvesting systems or 
optical sensors.13–17 
The literature concerning organized molecular films of cyclometalated iridium-
(III) complexes is limited, and has been focused on the preparation of pure films of 
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amphiphilic Ir(III) derivatives,10,18 or mixed films containing water-insoluble 
complexes organized underneath a lipid matrix.19,20 Valli et al. achieved densely 
packed LS films of an amphiphilic Ru(II) complex,21 and more recently two reports 
have shown the deposition of LB films of amphiphilic iridium(III) complexes, mixed 
with polyoxometalates and alternated with an amphiphilic ruthenium complex for 
OLEDs application.22,23 To date the preparation of organized thin films of porphyrin 
derivatives has been studied by several research groups and a large number of works 
concerning water-soluble porphyrins have been published.24–32 Among these works, 
the research carried out by Valli’s group is of special interest,31,32 who obtained 
bichromophoric LS films containing water-soluble porphyrins with other cationic 
surfactants. However, the fabrication of an iridium metallosurfactant–porphyrin film is 
reported, for the first time to our knowledge, in this work. In this way, the Langmuir 
technique has allowed us to assemble these two luminescent species together, which 
may behave as energy donor and acceptor units in an energy transfer process. 
Moreover, the influence of the spatial proximity of the Ir-complex and the porphyrin 
ring has been studied by the insertion of interlayers among them, allowing a control of 
the two emissions. 
 
3.3.2 Experimental 
Materials 
 The iridium metallosurfactant bis(2-phenylpyridine)(4,40-diheptadecyl-2,20-
bipyridine)-iridium(III) chloride (Ir-complex) was synthesized following the 
procedure published elsewhere.33 Tetrakis(4-sulfonatophenyl)porphyrin (TSPP), 
dioctadecyldimethylammonium bromide (DOMA), and stearic acid (SA) were 
purchased from Fluka, Sigma and Aldrich, respectively, and used without purification. 
Their molecular structures are depicted in Scheme 3.2. Pure organic solvents were 
obtained without purification from Aldrich (Germany). A mixture of 
chloroform/methanol, ratio 3 : 1 (v/v), was used as a spreading solvent for the Ir-
complex. A mixture of dichloromethane, methanol and water, ratio 15 : 9 : 2 (v/v/v), 
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was used as a spreading solvent for solving DOMA and TSPP. Ultrapure water, 
produced by a Millipore Milli-Q unit, pre-treated by a Millipore reverse osmosis 
system (>18.2MO cm), was used as a subphase. The subphase temperature was 21 ºC 
with pH 5.7. 
 
Scheme 3.2 Molecular structures of amphiphilic iridium complex (Ir-complex), tetrakis(4-
sulfonatophenyl)porphyrin (TSPP), dioctadecyldimethylammonium bromide (DOMA) and 
stearic acid (SA). 
 
Methods 
 Two different models of Nima troughs (Nima Technology, Coventry, England) 
were used in this work, both provided with a Wilhelmy type dynamometric system 
using a strip of filter paper: a NIMA 611D with one moving barrier for the 
measurement of the reflection spectra, and a NIMA 601, equipped with two 
symmetrical barriers to record BAM images. 
 UV–visible reflection spectra at normal incidence as the difference in 
reflectivity (∆R) of the dye film-covered water surface and the bare surface34 were 
obtained with a Nanofilm Surface Analysis Spectrometer (Ref SPEC2, supplied by 
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Accurion GmbH, Göttingen, Germany). The reflection spectra were normalized to the 
same surface density of Ir-complex by multiplying ∆R by the surface area, i.e., ∆Rnorm 
= ∆RA, where A (nm2/Ir-complex molecule) is taken from the surface pressure–area 
(π–A) isotherms. 
 Images of the film morphology were obtained by Brewster angle microscopy 
(BAM) with a I-Elli2000 (Accurion GmbH) using a Nd:YAG diode laser with a 
wavelength of 532 nm and 50 mW, which can be recorded with a lateral resolution of 
2 mm. The image processing procedure included a geometrical correction of the 
image, as well as a filtering operation to reduce interference fringes and noise. The 
microscope and the film balance were located on a table with vibration isolation 
(antivibration system MOD-2 S, Accurion GmbH) in a large class 100 clean room.  
 The monolayers were transferred onto quartz substrates, cleaned in successive 
steps with an alkaline detergent, isopropanol, and ethanol and then rinsed with 
ultrapure water. The monolayers were transferred at a constant surface pressure by the 
Langmuir–Schaefer technique, i.e., by horizontal touching of the substrate and the 
interface covered with the mixed film. The multilayers were assembled by sequential 
monolayer transfer. The ratio of the transfer process to the solid substrates, τ, was 
close to unity in all cases.  
 UV–visible electronic absorption spectra of the LS films were recorded locating 
the support directly in the light path on a Cary 100 Bio UV–visible spectrophotometer.  
 The steady state fluorescence and excitation spectra were measured using a 
FS920 Steady State Fluorimeter (Edinburgh Instrument, Livingston, UK). The 
emission lifetimes were measured by a FL920 Fluorescence Lifetime Spectrometer 
(Edinburgh Instrument), based on the TCSPC (Time-Correlated Single Photon 
Counting) technique35 and using different picosecond pulsed diode lasers (372 and 406 
nm). The luminescence decay curve analysis was performed by a deconvolution 
technique, where the experimental data were compared with a model decay function. 
The decay parameters were determined by least-squares fitting routine, the goodness 
of the fit was assessed by the reduced w2 values obtained (range 1–1.2). All 
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measurements were carried out at room temperature and solutions in the air-
equilibrated solvent (dichloromethane/ methanol/water, ratio 15 : 9 : 2 v/v/v), using a 
1.0 cm path length quartz cuvette.  
 
3.3.3 Results and discussion 
Surface pressure–area isotherms 
 The studied Ir-complex is amphiphilic and forms Langmuir monolayers on pure 
water. As this metallosurfactant is positively charged, mixed monolayers of Ir-
complex and the anionic water-soluble porphyrin TSPP, in molar ratio 4 : 1, have been 
prepared by the co-spreading method36 at the air–water interface.  
 
Fig. 3.21 Surface pressure–area (π–A) isotherms of the Ir-complex monolayer and the Ir-
complex : TSPP mixed monolayer in a molar ratio 4 : 1 (T = 21 ºC). 
 
This mixing ratio corresponds to the stoichiometry to form neutral monolayers 
and thus we expect that all the porphyrin molecules remain bound to the complex 
matrix by electrostatic interactions, which was tested further on. The surface pressure–
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area (π–A) isotherms of the pure Ir-complex and the mixture Ir-complex : TSPP (4 : 1) 
are shown in Fig. 3.21, and are expressed per Ir-complex molecule. In both cases, the 
collapse occurred around 40 mN m-1.  
In previous works,28,37 a mixed monolayer containing TSPP and the lipid 
dioctadecyldimethylammonium bromide (DOMA) in a 1 : 4 molar ratio was studied at 
the air–water interface. In such a system,28 the isotherm of the mixed film was 
expanded compared to that of the pure DOMA. Any expansion with respect to the 
pure lipid isotherm is clear evidence of the presence of the porphyrin molecules at the 
interface. In fact, this effect is normally observed in mixed films composed by a lipid 
matrix. However, the opposite phenomenon was observed for the Ir-complex : TSPP 
(4 : 1) mixed film, as the isotherm was shifted to smaller effective molecular areas 
compared with the pure complex, for all surface pressure. Then, the presence of the 
TSPP dye at the interface, together with the Ir-complex molecules, will be 
demonstrated by reflection spectroscopy.  
The morphology of the Ir-complex and mixed Ir-complex : TSPP (4 : 1) films 
was directly visualized by BAM, simultaneously to the π–A isotherm register. In the 
case of the pure Ir-complex, small bright domains appeared from 5 mN m-1, increasing 
in number and covering the whole surface at high surface pressure (images not 
shown). However, for the mixed film, a homogeneous monolayer was observed during 
the compression process, and the reflectivity of the interface increased gradually as the 
monolayer was compressed (images not shown). This fact may indicate that the TSPP 
molecules are homogeneously distributed over the whole surface underneath the Ir-
complex matrix. Then, the use of porphyrin molecules as counterions in the mixed 
film helps to homogenize and distribute the Ir-complex molecules along the air–water 
interface. 
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Reflection measurements 
 Reflection spectroscopy allows the direct detection of the presence of 
chromophore molecules located at the air–water interface,34 and gives us valuable 
information on their organization, density, and orientation.  
In Fig. 3.22, a series of reflection spectra at different surface pressures (π) 
recorded during the compression of the Ir-complex monolayer are shown (solid lines). 
For comparison, the spectrum of Ir-complex in chloroform/methanol (3 : 1 v/v) 
solution is also included (dashed line). The bands between 240 and 320 nm can be 
assigned to ligand-centered π–π* transitions involving the phenylpyridines at higher 
energy and the bipyridines at lower energy.38  
 
Fig. 3.22 Reflection spectra ∆R of the Ir-complex monolayer, from π = 0 mN m-1 to 39 mN m-
1. Inset: normalized reflection spectra of the Ir-complex monolayer, ∆Rnorm = ∆R x AIr-complex. 
As can be observed, ∆R increased with the applied surface pressure, indicating 
that the surface concentration of the Ir-complex increased under compression of the 
film. Furthermore, it should be mentioned that reflection spectra were measured 
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during several compression and expansion cycles (data not shown), being these 
spectra identical during these processes and during several cycles.  
 Inset in Fig. 3.22 shows the normalized reflection spectra of the Ir-complex 
film, ∆Rnorm, being ∆Rnorm = ∆R x AIr-complex, where AIr-complex (nm2 per molecule) is 
taken from the isotherm. As can be observed, the normalized spectra did not 
experience any significant change in terms of intensity, shape and position of the 
bands as a function of the surface pressure. This result indicated the absence of 
changes of orientation and association of the metallosurfactant during the compression 
of the film. 
 The Ir-complex molecules present at the air–water interface can be quantified. 
For low values of absorption (e.g., o0.01), the reflection ∆R is given in a reasonable 
approximation by 24,34,39,40 
     Δܴ ൌ 2.303 ൈ 10ଷ߁ƒ௢௥௜௘௡௧ߝඥܴ௦ (3.28) 
where Rs = 0.0241 is the reflectivity of the air–water interface at normal incidence, ε is 
the extinction coefficient given as L mol-1 cm-1, ƒorient is a numerical factor that takes 
into account the different average orientation of the chromophore in solution as 
compared to the monolayer at the air–water interface and Γ is the surface 
concentration in mol cm-2. Additionally, surface concentration can be expressed as Γ = 
1014/NAA, being NA the Avogadro number and A the area per molecule in nm2. Then, 
the normalized reflection can be expressed as: 
 
  ∆ܴ௡௢௥௠ ൈ 100 ൌ 5.4 ൈ 10ି଺ƒ௢௥௜௘௡௧ߝ    (3.29) 
 
For the Ir-complex, ∆Rnorm can be calculated from eqn (2). The orientation 
factor can be considered equal to unity for the Ir-complex,42 and assuming ε= εsolution at 
λmax (εsol,260 = 8 x 104 L mol-1 cm-1), we obtained ∆Rnorm x 100 ≈ 0.43 nm2. This value 
is in very good agreement with those obtained at any surface pressure (see inset in Fig. 
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3.22). This fact indicated that all the Ir-complex molecules initially spread remain at 
the air–water interface. 
Fig. 3.23 shows the reflection spectra (a) and the normalized reflection spectra 
(b), obtained at different surface pressures for the Ir-complex : TSPP (4 : 1) 
monolayer. Together with the absorption bands due to the Ir-complex, all spectra 
showed the intense Soret band typical of porphyrins at λmax = 422 nm, which was clear 
evidence of the presence of TSPP molecules in the mixed monolayer. The wavelength 
of the peak at 422 nm corresponds to the position of the Soret band in solution, and 
therefore this peak must be related with non-aggregated porphyrin. As the film was 
compressed, the reflection intensity of both chromophores increased, which indicated 
that their surface densities in the monolayer also increased. Reflection spectra have 
also been measured during several cycles (data not shown) and identical spectra have 
been obtained, i.e., there was no loss of TSPP molecules toward the subphase. 
 At low surface pressure, TSPP molecules can be quantified by eqn (2). In this 
case, εsol,420 = 4.5 x 105 L mol-1 cm-1. At this pressure, TSPP molecules are supposed to 
be flat oriented, which means ƒorient = 1.5 (see further comments). Then, the reflection 
was calculated to be ∆Rnorm x 100 ≈ 0.91 nm2. This value agreed well with that 
measured at 0 mN m-1 (∆Rnorm x 100 ≈ 0.88 nm2, see Fig. 3.23). Therefore, the former 
assumption of flat orientation and no loss of porphyrin TSPP molecules toward the 
aqueous subphase is correct.  
Differently from the Ir-complex reflection bands, the porphyrin Soret band 
shifted to longer wavelengths upon compression. Inset in Fig. 3.23a plots the 
maximum absorption wavelength against the area per TSPP molecule. In previous 
work,28 a blue-shift by ~12 nm with respect to the maximum wavelength at low 
surface pressure was observed for the DOMA : TSPP (4 : 1) system. In this case,28 the 
wavelength shift was due to the appearance of a new band, related to the formation of 
TSPP dimers, i.e., only two maxima were detected along the compression.28 However, 
for the Ir-complex : TSPP (4 : 1) mixed monolayer, the maximum wavelength red-
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shifted continuously from λmax = 422 nm until it reached a constant value λmax = 427 
nm, as shown in Fig. 3.23a (inset). 
 
Fig. 3.23 (a) Reflection spectra ∆R of the Ir-complex : TSPP (4 : 1) monolayer, from π = 0 
mNm-1 to 35 mN m-1. Inset: wavelength of maximum absorption of TSPP versus area per TSPP 
molecule; (b) normalized reflection spectra of the mixed monolayer, ∆Rnorm = ∆R x AIr-complex. 
 
 The reflection spectra have been normalized by the area per Ir-complex 
molecule (Fig. 3.23b), ∆Rnorm = ∆R x AIr-complex, where AIr-complex is taken from the 
isotherm of the mixed film. As can be clearly observed, the Soret band intensity of the 
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normalized spectra decreased under compression. Provided that all molecules of TSPP 
remain at the interface during the compression of the mixed film, the normalized 
reflection spectra show changes of orientation and/or association of the TSPP dye. In 
fact, J-aggregates are characterized by a shift of the spectral absorption band to longer 
wavelengths with respect to the non-aggregate state. In this mixed film, the red-shift 
may be due to interactions among the transition dipole moments of TSPP–TSPP or 
TSPP–Ir-complex neighboring molecules during the compression process. 
 In the case of porphyrins, i.e., molecules with two components of the transition 
dipole ≠ 0, the orientation factor is given by  
                               
  ƒ௢௥௜௘௡௧ ൌ
ଷ
ସ
ሾ1 ൅ ۃsin ߠۄଶሿ  (3.30) 
 with θ being the angle between the plane of the transition moments and the 
normal to the air–water interface (angle brackets denote average values), i.e., θ = 0º 
and 90º for perpendicular and parallel orientation of the porphyrin ring with respect to 
the interface, respectively.43 As the Ir-complex chromophore absorbs at λmax = 422 nm 
(Soret band of TSPP), the contribution of the Ir-complex reflection to each spectra has 
to be considered and subtracted. To infer the possible change in orientation of the 
TSPP molecules along the compression process, a further analysis has to be done as 
follows.  
The oscillator strength is defined as44 
 ƒ ൌ ସఌబଶ.ଷ଴ଷ௠೐௖బ
ேಲ௘మ
׬ ߝ݀߭௕௔௡ௗ ൌ 1.44 ൈ 10
ିଵଽ ׬ ߝd߭௕௔௡ௗ  (3.31) 
where ε0 is the permittivity of vacuum, me the electron mass, e the elementary charge, 
c0 the speed of light in a vacuum and NA the Avogadro constant. In eqn (3.31), the 
numerical factor 1.44 x 10-19 is expressed in mol L-1 cm s. From eqn (1) and (4) it is 
possible to define an apparent oscillator strength determined from the measured 
reflection spectra as40 
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     ƒ௔௣௣ ൌ ƒ ൈ ƒ௢௥௜௘௡௧ ൌ
ଵ.ସସൈଵ଴షభవ
ଶ.ଷ଴ଷൈଵ଴య௰ඥோೞ
׬ Δܴ݀߭௕௔௡ௗ  (3.32) 
If we take into account the relationship between the surface concentration, Γ, in 
mol cm-2, and the area per molecule, A, in nm2 (Γ = 1014/ANA) and we introduce the 
value Rs = 0.02,41 we obtain 
   ƒ௔௣௣ ൌ ƒ ൈ ƒ௢௥௜௘௡௧ ൌ 2.6 ൈ 10ିଵଶ ׬ ܣΔܴ݀߭௕௔௡ௗ  
  ൌ 2.6 ൈ 10ିଵଶ ׬ Δܴ୬୭୰୫݀߭௕௔௡ௗ   (3.33) 
where ƒ is the oscillator strength in solution, A is the area per molecule of TSPP, υ is 
the frequency, and the numeric factor 2.6 x 10-12 is expressed in nm-2 s. Thus, ƒapp can 
be obtained by the integration of the reflection band in the range between 385 and 450 
nm, for each surface pressure. Then, from the ratio between this apparent oscillator 
strength, ƒapp, and the oscillator strength obtained from the solution spectrum, ƒ = 
2.08, the orientation factor ƒorient can be calculated for any surface pressure (eqn (6)). 
At low surface pressure (0 mN m-1), ƒorient =1.5 was obtained, which is the maximum 
value that can be obtained only if there is no loss of the porphyrin molecules into the 
aqueous subphase and if those molecules lie parallel to the interface, θ = 90º. As the 
Ir-complex:TSPP mixed film was compressed, the orientation factor diminished up to 
1.03, together with the tilt angle, approx. 40º. This evidenced the reorientation of the 
porphyrin molecules under compression, changing from a flat orientation at low 
surface pressure to the porphyrin rings inclined by approx. 40º with respect to the 
normal. These considerations have been made assuming the presence of all porphyrin 
molecules cospread at the interface, i.e., there was no loss of molecules toward the 
aqueous subphase. 
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Absorption spectroscopy of Langmuir–Schaefer films 
 The Ir-complex : TSPP (4 : 1) mixed monolayer was transferred at 35 mN m-1 
from the air–water interface onto quartz substrates, by the vertical dipping Langmuir–
Blodgett (LB) and horizontal touching Langmuir–Schaefer (LS) techniques. In spite of 
LB films being poorly transferred, the LS method led to the successful deposition of 
monolayers and multilayers, with transfer ratios close to 1. In these LS films, the alkyl 
chains of the Ir-complex in the film were directly bound to the support surface. Fig. 
3.24 shows the UV–visible absorption spectra of different number of Ir-complex : 
TSPP (4 : 1) LS layers.  
 
Fig. 3.24 Absorption spectra of 1, 2,. . .6 Ir-complex : TSPP (4 : 1) LS multilayers. Inset: 
maximum absorption of Ir-complex (λIr-complex = 268 nm) and TSPP (λTSPP = 427 nm) bands vs. 
number of LS layers. 
 
 Both the Ir-complex and TSPP absorption bands were present, which indicated 
that the mixed films were successfully transferred in sequent depositions. Also, the 
wavelengths of the absorption peaks remained unchanged, indicating that aggregates 
were not formed between layers. The plot of the maximum absorption of the 
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chromophores of each spectrum vs. the number of consecutive LS transfers revealed a 
linear relationship (inset in Fig. 3.24), indicating that the TSPP molecules, attached to 
the Ir-complex matrix, could be regularly deposited layer by layer.  
 Although the ratio of the transfer onto the solid support was next to unit, 
additional information is required to prove that the porphyrin molecules attached to 
the Ir-complex matrix are correctly transferred to the substrate. For an ideal transfer 
process, where all Ir-complex molecules present at the air–water interface are 
transferred preserving their molecular orientation, the ratio between reflection and 
absorption is expected to be Abs/∆R = 3.64.34,45 The experimental ratio has been 
calculated at λ = 268 nm for the Ir-complex : TSPP (4 : 1) mixed monolayer at 35mN 
m-1, obtaining Abs/∆R=3.45, which was in agreement with that predicted for a 
complete dye transfer.34,45 In any case, a change of the orientation of the porphyrin 
molecules during the transfer process may occur. 
 
Emission spectra and lifetime measurements of  
Langmuir–Schaefer films 
Fig. 3.25a shows the room temperature emission spectra of the Ir-complex 1.2 x 
10-5 M, TSPP 3 x 10-6 M, and the mixture Ir-complex : TSPP (4 : 1) (same 
concentrations) in aerated organic solutions (dichloromethane/methanol/water, ratio 
15 : 9 : 2 v/v/v), under excitation at 260 nm.  
As observed, the Ir-complex spectrum exhibited a broad structureless band with 
maximum emission at ~577 nm that resulted from the characteristic mixing of the 
3MLCT (triplet spin-forbidden metal-to-ligand charge transfer transition) and 3LC 
(triplet spin-forbidden ligand centered transition) excited states of iridium 
complexes,46 while the TSPP spectrum showed the two emission bands typical of 
porphyrins, Q(0,0) and Q(0,1), at ~651 and ~715 nm, respectively. In the case of the 
Ir-complex : TSPP mixture, the emission spectrum matched well with the sum of the 
spectra of Ir-complex and TSPP solutions. In Fig. 3.25b, the emission spectra of LS 
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films of Ir-complex and Ir-complex : TSPP (4 : 1) upon excitation at 260 nm are 
shown. The spectral shape of the Ir-complex LS film fitted well with that observed in 
solution. In contrast, the excitation of the Ir-complex : TSPP (4 : 1) LS film led to the 
total quenching of the Ir-complex emission, also accompanied by a concomitant 
enhancement of the TSPP emission.  
 
Fig. 3.25 Luminescence spectra of: (a) solutions of Ir-complex, TSPP and Ir-complex : TSPP 
(4 : 1) in CH2Cl2/CH3OH/H2O(ratio 15 : 9 : 2 v/v/v), and (b) LS films of Ir-complex, Ir-
complex : TSPP (4 : 1), Ir-complex/ DOMA : TSPP and Ir-complex/SA/DOMA : TSPP. 
Selected excitation wavelength = 260 nm. 
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The transfer efficiency E can be calculated from the luminescence intensities of 
the donor determined in the presence and absence of the acceptor, and is given by E = 
1 - Fda /Fd, where Fd is the donor (Ir-complex) emission intensity determined at a 
given wavelength in the absence of the acceptor (TSPP), and Fda is the corresponding 
emission determined in the presence of the acceptor. Therefore, we obtained E = 1 for 
the Ir-complex : TSPP (4 : 1) LS film. In fact, the energy transfer from the Ir-complex 
molecules to the TSPP dyes is feasible since the emission of Ir-complex occurs in the 
range of the Q absorption bands of the porphyrin (Fig. 3.24). Moreover, the distance 
between the Ir-complex and TSPP molecules (donor and acceptor, respectively) is 
short since the TSPP molecules are electrostatically attached to the Ir-complex matrix, 
which favors the dipole–dipole interactions among these molecules. 
To study the intermolecular energy transfer, the distance between the planes of 
the donor and acceptor was increased by the insertion of lipid interlayers. For such a 
purpose, a mixed DOMA : TSPP (4 : 1) LS film was transferred onto a substrate 
previously covered with an Ir-complex LS film, obtaining a Ir-complex/DOMA : 
TSPP multilayer. The DOMA : TSPP (4 : 1) mixed monolayer has been previously 
investigated,28 finding that both monomers and dimers of TSPP were present at high 
surface pressures. Furthermore, only TSPP monomers show the usual Q emission 
bands of porphyrins in the 625–775 nm range, while dimers have been found to 
exhibit Soret emission at ~500 nm.47 To avoid the presence of TSPP aggregates, the 
mixed film has been transferred onto the Ir-complex covered substrate at 20 mN m-1, 
where the TSPP molecules arrange uniquely in the monomer form, and the porphyrin 
ring lying parallel to the surface.28 In the fabricated film, the Ir-complex and the TSPP 
molecules were separated by a DOMA layer. The luminescence spectrum of this film 
(Fig. 3.25b) demonstrated that the emission of the Ir-complex was totally quenched, 
meaning that energy transfer to the TSPP molecules still occurred. 
Finally, the donor–acceptor separation was further increased by the insertion of 
a fatty acid monolayer (stearic acid, SA). The film fabricated, Ir-complex/SA/DOMA : 
TSPP, led to the emission of the Ir-complex and the porphyrin together, indicating that 
the observed effective energy transfer did not take place (see Fig. 3.25b).  
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 The kinetic decays were performed at room temperature, monitored at 575 or 
650 nm (maximum emission of Ir-complex and TSPP, respectively), under excitation 
at 372 and/or 406 nm. All organic solutions (dichloromethane/methanol/ water, ratio 
15 : 9 : 2 v/v/v) were air–equilibrated. Table 3.2 shows the decay parameters of the 
luminescence of different solutions and film structures; the excitation and the 
luminescence emission wavelength are also indicated. 
 λexc (nm) 
λem 
(nm) τ1 (ns) τ2 (ns) χ
2 
Ir-complex (solution) 372.6 406.4 
575 
650 
159 
160 
--- 
--- 
1.159 
1.153 
TSPP (solution) 372.6/406.4 650 9.3 --- 1.125 
Ir-complex/TSPP 
(solution) 
372.6/406.4 575 166.4 --- 1.121 
372.6 650 9.9 (38%) 182 (62%) 1.153 
406.4 650 8.7 (81%) 126 (19%) 1.02 
Ir-complex/TSPP (1 LS) 406.4 406.4 
575 
650 
4.7 
4.5 --- 
1.208 
1.231 
Ir-complex/SA/DOMA-
TSPP (1 LS) 
406.4 
406.4 
575 
650 
134 
5.1 (79%) 
--- 
139 (21%) 
1.068 
1.010 
Table 3.2 Decay parameters, excitation wavelength and monitoring wavelength of the luminescence of Ir-
complex and TSPP in different solutions and film structures. 
The Ir-complex in organic solution showed a mono-exponential decay in the 
order of 160 ns, independent of the selected excitation and emission wavelengths. The 
emission of TSPP solution followed a similar behavior, with t = 9.3 ns. Regarding the 
mixture in solution, the luminescence decay monitored at 575 nm corresponded to the 
Ir-complex emission with τ = 166 ns, while the decay curves measured at 650 nm have 
been fitted to a bi-exponential decay function, with a fast (τ1) and a slow (τ2) decay 
component (Table 3.2). From the spectroscopic data of the isolated systems at diluted 
conditions in solution (optical density < 0.1), the short lifetime τ1 is regarded as the 
excited state lifetime of the TSPP, while the long lifetime τ2 comes from the Ir-
complex luminescence. The small differences observed in lifetimes with respect to the 
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Ir-complex in solution could be associated to some non radiative processes such as 
decays due to vibrational modes and most likely also the oxygen quenching.48  
 Regarding the Ir-complex : TSPP (4 : 1) LS film, a monoexponential fit to the 
decay profile was found to be highly satisfactory, independently of the detection 
wavelength, and no improvement of the χ2 value could be obtained when the data were 
fitted to a bi-exponential decay function. The calculated lifetime, τ = 4.6 ns, clearly 
corresponded to the TSPP emission in the film structure. This was clear evidence of 
the energy transfer from the Ir-complex to the TSPP in the film. When the Ir-complex 
and TSPP molecules were distanced by the DOMA and SA interlayers (Ir-complex/ 
SA/DOMA : TSPP), the emission decay curve was bi-exponential. On analyzing the 
decay of the emission at 650 nm, we calculated τ1 = 5.1 ns and τ2 = 139 ns, which 
confirmed the emission of two components of the film, i.e., TSPP and Ir-complex. The 
slightly shorter lifetime (139 ns) observed for the iridium metallosurfactant in the 
presence of SA interlayers with respect to the Ir-complex in solution (160 ns) could be 
mainly associated to triplet–triplet annihilation processes between molecules of Ir-
complex that were close in distance within the monolayer.33 Additionally, the effect of 
oxygen on the reduction of the lifetime could not be excluded.48 
 
3.3.4 Conclusions 
In this work, the formation of a well-organized Ir-complex : TSPP (4 : 1) 
monolayer at the air–water interface has been reported. In this system, the TSPP 
molecules were electrostatically attached underneath the amphiphilic Ir-complex 
matrix, forming a homogeneous monolayer from low to high surface pressures. Under 
compression, TSPP and Ir-complex molecules formed J-aggregates, and the porphyrin 
rings changed their orientation until reaching, at high surface pressure, a tilt angle ~ 
40º with respect to the normal surface. Similarly, Langmuir monolayers and LS films 
containing the pure Ir-complex have been prepared for comparison.  
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A different number of Ir-complex : TSPP (4 : 1) monolayers have been 
successfully transferred onto quartz substrates by the Langmuir–Schaefer method (LS 
films). The linear increase of the absorbance indicated regular deposition of the films.  
The energy transfer between the Ir-complex with the TSPP in solution, in a 
mixed film containing both dyes, and in adjacent layers of LS has been investigated. 
The results obtained by steady-state fluorescence and decay measurements indicated 
that effective intermolecular energy transfer took place in the Ir-complex : TSPP (4 : 
1) LS film. In spite of the distance between donor and acceptor dyes has been 
increased by the insertion of a lipid monolayer, DOMA, the complete energy transfer 
between the Ir-complex and TSPP occurred. A longer separation, achieved by a stearic 
acid interlayer, led to the absence of energy transfer process. 
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4.1 Engineering charge injection interfaces in hybrid  
light-emitting electrochemical cells 
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b Depart. of Physical Chemistry and Applied Thermodynamics, Univ. of Cordoba, C. Rabanales, Ed. 
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c Nippon Shokubai Co., Ltd. 5-8 Nishi Otabi-cho, Suita 564-8512 Osaka, Japan 
d Materials Science and Engineering and Computational Informatics, CSIRO, Private Bag 33, Clayton 
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 In their simplest form, light-emitting electrochemical cells (LECs) consists in a 
thin films of an ionic organic semiconductor sandwiched between two electrodes. Due 
to the large density of ions in the active layer, the applied potential initially drops at 
the electrode/active layer interfaces enhancing charge injection. For this reason, LECs 
are often reported to perform independently on the work function of the electrodes 
used.  In this letter, we use metal oxide thin films as charge injection layers placed 
between the electrodes and the active layer. We demonstrate that, while 
electroluminescence is observed independently of the electrodes used, the device 
performances are strongly dependent on the choice of the materials at the interfaces. 
Such hybrid device architecture is of particular interest for real lighting applications, 
because it meets at the same time the requirement of speed, brightness and efficiency. 
Moreover, relying on metal oxide charge injection layers, hybrid LECs could pave the 
way for new environmentally stable, low-cost lighting sources. 
 
 
Paper submitted to ACS Applied Materials & Interfaces. 
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The stage of development of organic light-emitting diodes (OLEDs) is so 
advanced that these devices are now competing with established technologies in the 
display market. On the other side, the successful introduction of OLEDs into the 
lighting market will depend essentially on a reduction in the associated production 
costs. For this reason, novel materials as well as different device architectures are 
continuously been investigated. Light-emitting electrochemical cells (LECs) are much 
simpler types of electroluminescent devices, relying on a single ionic solution 
processed light-emitting layer sandwiched in between two electrodes.1 Two type of 
emitters have been explored so far, i) conjugated polymers blended with salt or ionic 
liquids2 and ii) ionic transition metal complexes (iTMCs).3 The latter have been the 
subject of intense research due to the intrinsic higher photoluminescence quantum 
yield (PLQY) associated with phosphorescent emitters, resulting in higher power 
conversion efficiency (PCE).4-5  
The key features of LECs is the high concentration of ionic species in the 
emitting layer, which redistribute after application of an external bias forming 
interfacial electric double layers (EDLs).6-7 EDLs generates strong fields able to assist 
the injection of holes and electrons at the anode and cathode, respectively. For this 
reason, LECs are often reported to perform independently on the work function of the 
electrodes used.8 This statement is only partially true, as we will demonstrate later in 
our discussion. As higher voltages are applied, increasing charges are injected into the 
active material leading to its oxidization and reduction, in a similar fashion to what is 
obtained by chemical p- and n-doping in state of the art OLEDs.9-10 Hence, the applied 
potential drops in-between the doped zones over the low-conductive intrinsic region, 
where the light emission occurs.11 Within this perspective, the maximum PCE would 
be obtained when the carrier recombination zone (intrinsic region) is located near the 
center of the active layer, where exciton quenching at the electrodes is minimized. 
Assuming a balanced ambipolar mobility of the semiconductor, the position of the 
recombination zone will depend mainly on the equilibrium between the processes of 
hole and electron injection.11 In this letter, we correlate the brightness, efficiency and 
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turn-on time (ton) of efficient and stable LECs with the work function and the 
properties of the charge injection materials used.  
Despite of the wide range of commercially available charge injecting, 
transporting, and blocking molecular materials,12 we focused on architectures 
employing metal oxides thin films. Metal oxides charge injection layers have been 
chosen because of their unique properties of high carrier mobility, high transparency 
and the intrinsic stability towards moisture and oxygen.13-14 Thanks to these unique 
features, metal oxides have been widely employed in a variety of efficient organic 
optoelectronic devices.15-18 In particular, we used zinc oxide (ZnO) and molybdenum 
trioxide (MoO3) as the electron and hole injection materials, respectively (EIL and 
HIL). ZnO is a n-type semiconductor with a conduction band edge (Ec) close in energy 
to the lowest unoccupied molecular orbital (LUMO) of the iTMC used in this work 
(Fig. 4.1).19 On the other side, the Fermi level (EF) of MoO3 is so large that the use of 
thin films of MoO3 as hole injection layers leads to ohmic contacts with most organic 
semiconductors.20-21 We demonstrate that, while electroluminescence generation in 
LECs is rather independent from the type of charge injection material or electrode 
used, their work function and exciton blocking property, on the other hand, strongly 
influence the device performances. 
 
Fig. 4.1. (a) Energy-levels for the materials employed in this work and (b) chemical structure 
of the ionic liquid and the iTMC constituting the light-emitting layer. Energy levels for the 
inorganic materials are taken from literature, while the iTMC bands have been determined 
experimentally from photoelectron spectroscopy in air (PESA) and UV-Vis absorption spectra 
(Supporting Information). 
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The iTMC used as the light-emitting material is the [Ir(ppy)2(dtb-bpy)](PF6) 
(Fig. 4.1b), where ppy is 2-phenylpyridinato and dtb-bpy is 4,4’-di(tert-butyl)-2,2’-
bipyridine), synthesized according to previously described methods.22 LECs were 
prepared on pre-patterned indium tin oxide (ITO) coated glass plates, which were 
thoroughly cleaned by subsequent sonication in aqueous detergent, water, and 
2‐propanol baths, and activated by exposure to an UV‐ozone lamp. ZnO thin films 
were prepared by spin coating a solution of zinc acetate dihydrate (10 mg ml-1 in 
ethanol: water: acetic acid, volume ratio 50:2:1) on the ITO-coated substrates, and by 
annealing them on a hot plate at 450 ºC for 2 hours. Thin films (100 nm) of the iTMC 
were obtained by spin‐coating a solution in acetonitrile. To improve the ionic 
conductivity of the layer,23 the ionic liquid (IL) 1‐butyl‐3‐methylimidazolium 
hexafluorophosphate ([BMIM](PF6), Fig. 4.1b) was added to the iTMC solution 
resulting in a molar ration iTMC:IL of 4:1. Metals (Al, Au) and MoO3 thin films were 
deposited through a shadow mask with a thermal vacuum‐evaporation system 
integrated in an inert atmosphere glove box. The active area of the devices was 6.5 
mm2. The LECs were not encapsulated and characterized inside the glove box by 
applying pulsed current (J = 200 A m-2, 1 kHz, 50% duty cycle) and monitoring the 
voltage and luminance with a True Colour Sensor MAZeT (MTCSiCT Sensor) using a 
Botest OLT OLED Lifetime‐Test System. 
We first describe the properties of hole injection into the iTMC layer by using 
bare and MoO3 coated ITO as the anode and Al or Au as the cathode. Devices were 
driven with pulsed current with a maximum current density Jmax = 200 A m-2 and a 
duty cycle of 50 %, resulting in an average current density Javg = 100 A m-2. 
Performances over time as well as the key parameters for this set of devices are 
reported in Fig. 4.2 and Table 4.1, respectively. The device with bare ITO anode and 
structure ITO/iTMC/Al (1) shows a slow rise of the electroluminescence with a turn-
on time ton (here defined as the time needed to reach a luminance of 100 cd m-2) of 41 
s. Luminance steadily increased until reaching a maximum Lmax = 1059 cd m-2 at 100 
minutes, corresponding to a maximum PCEmax = 6 lm W-1. This behavior indicates an 
injection limited regime dominated by the dynamics of ions accumulations at the 
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interfaces (formation of EDLs). In this regime, the current flowing through the device 
recombines at/close to one interface and is dissipated through direct charge 
recombination and exciton quenching. Once EDLs build up, p- and n-doping of the 
iTMC take place, moving the recombination zone towards the center of the active 
layer with a substantial increase of photon generation. Insertion of a thin (10 nm) film 
of MoO3 in between the ITO anode and the iTMC results in a substantial change of the 
device performances (device 2). First of all, electroluminescence is instantaneous and 
intense with an initial luminance L0 = 269 cd m-2, meaning that the barrier for hole 
injection no longer exists upon coating of the ITO with MoO3. This hypothesis is also 
supported by a reduction of about 2 V in the average voltage measured at time t = 0 
(t0) after inserting the MoO3. Both luminance and PCE increase fast at the beginning 
of measurements (note the log scale of the time domain), reaching Lmax = 888 cd m-2 
and PCEmax = 5 lm W-1 only 1 minute after biasing the device. These value are 
somewhat lower compare to what obtained for device (1), most likely due to the 
proximity of the exciton recombination zone to the Al cathode, consequence of the 
ohmic hole injection. As an extreme case we also fabricated a device with MoO3 HIL 
but using a Au cathode instead. As expected, this LEC (3) shows a large ton of 158 s, 
consequence of the wide electron injection barrier, and the maximum luminance and 
efficiency are only achieved after about 100 minutes of device operations. 
Interestingly, the device still reaches high luminance and PCE (Lmax = 893 cd m-2 and 
PCEmax = 4.8 lm W-1), indicating that LECs can indeed efficiently generate 
electroluminescence independently of the electrodes work function, but at the cost of 
viable switching speeds. 
A common feature of the first set of LECs is the presence of a rather high 
electron injection barrier at the iTMC/Al interface (Fig. 4.1a), evident also from the 
measured average voltage Vavg reported in Fig. 4.2b.  All LECs show a relatively high 
voltage at the beginning of the measurements which, due to the generation of doped 
zones, steadily decreases for converging to the value Vavg =  2.7 V, corresponding to 
the band gap of the iTMC (~ 2.7 eV). This is true also in the case of the device with 
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the ohmic ITO/MoO3/iTMC contact, which shows an initial Vavg = 5.4 V, confirming 
the presence of the electron injection barrier. 
 
Fig. 4.2. (a) Luminance, (b) average measured voltage and (c) PCE characteristics versus time 
for a series of devices where the ITO is used as the anode (positively biased). 
 
Table 4.1. Key performance parameters for a series of LECs where ITO is used as the anode 
L0  
(cd m-2) 
ton  
(s) 
Lmax  
(cd m-2) 
tmax  
(min) 
PCEmax  
(lm W-1)
(1) ITO/iTMC/Al 17 41 1059 100 6.0 
(2) ITO/MoO3/iTMC/Al 269 - 888 1 5.0 
(3) ITO/MoO3/iTMC/Au 20 158 893 100 4.8 
 
0.1 1 10 100
2
4
6
8
10
 
Av
er
ag
e 
vo
lta
ge
 (V
)
0.1 1 10 100
0.1
1
10
P
C
E 
(lm
 W
-1
)
Time (minutes)
(a)
(b)
(c)
0.1 1 10 100
10
100
1000
         ITO anode (+)3
 (1) ITO/iTMC/Al3
 (2) ITO/MoO3/iTMC/Al
 (3) ITO/MoO3/iTMC/Au
 
Lu
m
in
an
ce
 (c
d 
m
-2
)
195 
 
The use of low work function metal electrodes such as Ba or Ca has been shown 
to lead to ohmic electron injection into iTMC,12 but their high reactivity towards 
oxygen and moisture would require a rigorous encapsulation of the device, 
undermining the intrinsic simplicity of LECs. Hence, the electron injection interface 
was modified by the insertion of solution processed ZnO thin films. For this purpose, 
we adopted the inverted configuration where the ITO is used as the cathode,24 since 
ZnO cannot be processed from solution on top of the iTMC layer. Performances over 
time as well as the key parameters for this series of inverted devices are reported in 
Fig. 4.3 and Table 4.2, respectively. A LEC with bare ITO cathode and Au anode is 
used as the reference (device 4). As expected from the energy difference between the 
ITO work function and the iTMC LUMO (1.6 eV), the device is strongly injection 
limited with an initial Vavg as large as 9 V and poor luminance L0 = 4 cd m-2. As the 
EDLs form and the doped regions start growing, electroluminescence slowly rises 
with a ton = 48 s, stabilizing around Lmax = 300 cd m-2 after 2.5 minutes driving. The 
PCE, however, remains quite low due to the unbalanced charge injection causing the 
recombination zone to be close to the ITO cathode. The insertion of a ZnO EIL 
(device 5) strongly improves the device characteristics. Immediately after biasing the 
LEC, the measured electroluminescence is L0 = 51 cd m-2 and Vavg is reduced to 5.7 V. 
The luminance increases fast (ton = 18 s) reaching 800 cd m-2 after 2 minutes and Lmax 
= 955 cd m-2. The PCE is comparable to what measured for the first series of devices 
(Fig. 4.2), with PCEmax = 5.5 lm W-1. Despite of the favorable performances, device 5 
still suffers from a limited injection since the measured voltage takes about 10 minutes 
to converge to the value of the band gap of the iTMC. A balanced charge injection can 
be achieved through the contemporary use of a ZnO EIL and a MoO3 HIL (device 6). 
This device architecture leads to a large improvement in the device performances, with 
instantaneous and intense electroluminescence (L0 = 154 cd m-2) and an initial 
measured voltage as low as 3.3 V, indicating a very efficient charge injection into the 
iTMC, even without the assistance of EDLs at the interfaces. 
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Fig. 4.3. (a) Luminance, (b) average measured voltage and (c) PCE characteristics versus time 
for a series of devices where the ITO is used as the cathode (negatively biased). 
 
Table 4.2. Key performance parameters for a series of LECs where ITO is used as the cathode 
L0  
(cd m-2)
ton  
(s) 
Lmax  
(cd m-2)
tmax  
(min) 
PCEmax 
(lm W-1)
(1) ITO/iTMC/Au 4 48 300 2.46 1.6 
(2) ITO/ZnO/iTMC/Au 51 18 955 93 5.5 
(3) ITO/ZnO/iTMC/MoO3/Au 154 - 820 92 4.8 
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be considered ohmic, the exciton recombination zone is likely to extend close to the 
ZnO/iTMC interface, where a small electron injection barrier still exists. While the 
energetics of this interface allows to exclude the direct hole recombination at the 
cathode, excitons formed in its proximity could be separated via charge transfer with a 
mechanism analogous to that of dye-sensitized solar cells. The use of metal oxides, 
however, remains very advantageous due to their ability to confine carriers in the 
active layer and to reduce the exciton quenching observed at metallic interfaces. Last 
but not least, these materials are intrinsically more stable compared to low work 
function electrodes or traditional organic electronics materials, and their application is 
of special interest for simple low-cost optoelectronics devices. 
In conclusion, we have demonstrated efficient hybrid LECs employing metal 
oxides as charge injecting materials. While electroluminescence from the iTMC is 
observed independently of the electrodes used, their performances are strongly 
dependent on the choice of the materials at the interfaces. Maximum device efficiency 
and luminance, for example, are mainly determined from the equilibrium between the 
processes of hole and electron injection. As a matter of fact, even in injection limited 
devices, the formation of EDLs at the interfaces and the subsequent propagation of 
highly conductive doped regions can lead to bright and efficient electroluminescence. 
On the other side, fast device switching requires the minimization of the barrier for 
hole and electron injection, which can be easily achieved by using charge selective 
contact such as ZnO and MoO3, respectively. Such hybrid device architecture is of 
particular interest for real lighting applications, because it meets at the same time the 
requirement of speed, brightness and efficiency. Moreover, relying on metal oxide 
charge injection layers, hybrid LECs could pave the way for new environmentally 
stable, low-cost lighting sources. 
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Supporting Information 
 
Fig. S4.1 (a) UV-Vis absorption and (b) photoelectron spectroscopy in air (PESA) spectra of a 
pure thin film of the [Ir(ppy)2(dtb-bpy)](PF6) complex. 
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4.2 Dynamically Doped White Light Emitting Tandem 
Devices 
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 Solution-processed, salt-containing, blue and orange light-emitting layers lead 
to efficient white light-emitting devices when arranged in a tandem configuration 
separated by a thin metal layer. 
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 Lighting accounts for about 10% of the world global energy consumption. 
There is therefore a strong incentive for new, low consumption lighting solutions to 
reduce global energy demand. In this context, organic light-emitting diodes (OLEDs) 
have considerable advantages compared to other solid-state lighting technologies, 
which are based on inorganic semiconductors.1 Currently, best-performing white 
OLEDs are based on a tandem approach, in which two or more sub-devices are 
stacked on top of each other.2 In tandem OLEDs the middle electrode needs to inject 
electrons and holes in the adjacent sub-devices, which is an energetically unfavorable 
process when air-stable metals are used as the middle contact.3 For this reason, doped 
layers are used adjacent to or as the middle contact to facilitate electron and hole 
injection into the sub-devices.4 As it is very difficult to prepare doped injection layers 
using solution-based processes, almost all tandem OLEDs are prepared using high 
vacuum sublimation of the active materials. Only one example of a solution-processed 
tandem OLED has been reported, in which a Cs2CO3 /ZnO n-doped electron injection 
layer was processed from solution by blending it with poly(4-vinylpyridine).5 
 The infrastructure investment for multiple vacuum sublimation tools, especially 
for large areas, is elevated, making the production of low-cost OLEDs only possible if 
very high production volumes are reached. Solution-based processing requires lower 
investments and is compatible with high throughput; hence this technique is more 
suitable for low-cost device production. Another type of electroluminescent device, 
referred to as light-emitting electrochemical cell (LEC), contains salts in the light-
emitting layer and has a much simpler architecture.6 Contrary to OLEDs,4a LECs do 
not rely on air-sensitive injection layers and metals used for electron injection.6a,7 This 
facilitates solution processing and reduces the encapsulation requirements.8 LECs are 
based on either a conjugated light-emitting polymer mixed with a salt7c or an ionic 
transition-metal complex (iTMC).7d Recently, it was shown that both types of LECs 
operate according the same mechanism governed principally by the ionic conductivity 
of the salts in the thin film.9 
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 The operating mechanism of LECs involves the dissociation of the salt in the 
active layer and, subsequently, the migration of the constituent ions towards the 
electrode interfaces leading to the formation of doped zones (Fig. 4.4, panel a and b).10 
 
Fig. 4.4. Operational mechanism of LECs and its application to a tandem configuration. (a) 
Schematic of a tandem LEC in which both the blue and orange light-emitting layers have ions. 
(b) Same tandem LEC as in panel (a) showing schematically the ion displacement when an 
external potential is applied. (c) Energy level diagram of the tandem LEC without external 
potential and (d) with external potential applied. The Fermi levels of the metals and the HOMO 
and LUMO levels of the blue and orange light-emitting materials are shown. The red solid 
arrows indicate large injection barriers for electron and holes, the green arrows indicate 
efficient electron and hole injection. The hollow arrows indicate the emission of light. 
 
 In a tandem LEC, such dynamically doped layers will be generated on both 
sides of the middle electrode removing the injection barriers for electrons and holes 
and allowing for efficient electroluminescence (Fig. 4.4, panel c and d). Therefore, no 
intentionally doped layers are required adjacent to the middle electrode, which 
facilitates the solution processing of tandem light-emitting devices. A first hint that it 
should be possible to prepare tandem LECs in this way was obtained from the report 
of cascaded LECs, in which the electrodes are used simultaneously as anode and 
cathode for laterally connected cells.11 White LECs based on both polymer- and 
iTMC-emitting materials have been reported using different methods such as blending 
two or three emitters,12 profiting from dual emission from a single polymer,13 and 
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employing a color conversion layer.14 However, these devices only work efficiently at 
low luminance values. The main reason for the poor performance of white LECs is the 
lack of a good blue light-emitting device. In blue light-emitting iTMC-based LECs, 
efficiencies up to 18.3 cd A−1 have been reported, but only at low current densities 
and, consequently, at low luminances (14.5 cd m−2).12b In tandem devices both sub-
devices operate with the same current density. Therefore, if the before-mentioned blue 
LECs are used to prepare tandem LECs, their maximum luminance would be severely 
limited. Hence, to confirm that indeed LECs are ideally suited for solution-processed 
tandem devices, a better blue LEC is required that can function as the blue-emitting 
sub-device. 
 Orange LECs with high luminance and efficiency, on the contrary, are quite 
abundant. Here we report white light-emitting LECs, based on a tandem structure and 
employing an air stable middle electrode, that exhibit a current efficiency of 8.5 cd A−1 
at a luminance of 845 cd m−2 . The tandem LEC consists of a novel polymer 
composite as the bottom blue light-emitting layer and an ionic iridium complex as the 
top orange light-emitting layer, both prepared using solution processing.
 
Fig. 4.5 Structure of chemical compounds used and schematic of the device layouts. a) 
Chemical structures of the compounds used for the bottom LEC. (b) Chemical structures of the 
compounds used for the top LEC. (c) Scheme of the bottom-LEC layout. (d) Scheme of the 
top-LEC layout. (e) Scheme of the tandem-LEC layout. 
b
[BMIm][PF6][Ir(ppy)2(dtb‐bpy)][PF6] = iTMC[Ir( py)2(dt -bpy)][PF6] = iTMC
[Bmim][PF6]
a
PVK
OXD‐7
FIrpic
[THA][BF4]OXD-7
Firpic
[THA][BF4]
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 In view of the limited luminance and efficiency of iTMC based blue LECs, we 
developed an alternative based on a well-known blue light-emitting OLED 
configuration. In this configuration, the neutral hole transporting host poly(N-
vinylcarbazol) (PVK), the neutral electron transporter 1,3-bis[2-(4-tert -butylphenyl)-
1,3,4-oxadiazo-5-yl]benzene (OXD-7), and the blue emitter bis[2-(4′,6′-difluoro-
phenyl)pyridinato-N,C2′] iridium(III)-picolinate (FIrPic) were mixed with a small 
amount of the ionic liquid (IL) tetrahexylammonium tetrafluoroborate [THA][BF4] 
(Fig. 4.5 panel a). A similar approach for red LECs was reported by Shin et al.15 The 
device had the following configuration: ITO/PEDOT:PSS/PVK:OXD-7:FIrPic:IL = 
10:10:2:1 (mass ratio)/Au (Fig. 4.5 , panel a and c) and reached a maximum luminance 
of 160 cd m−2 at a constant current of 100 A m−2 (see Fig. 4.6 , panel a). When an 
aluminum cathode was used, the performance of this blue LEC improved to a 
luminance of 400 cd m−2 (4 cd A−1) (Fig. S4.2 in the Supporting Information).  
 To identify a complementary broad-band orange light-emitter, the 
electroluminescence spectrum of the FIrPic-based bottom LEC (Fig. 4.6, panel b) was 
compared with that of many different orange LECs. This was done screening the 
literature as well as our own database. From this comparison, a rather good match was 
found for the orange LEC using the iTMC [Ir(ppy)2(dtb-bpy)][PF6], where Hppy 
stands for 2-phenylpyridine and dtb-bpy for 4,4′-di-ter -butyl-2,2′-bipyridine, as the 
emitter (Fig. 4.6, panel b).16 Hence, the top LEC was prepared using this emitter, 
mixed with the IL 1-butyl-3-methylimidazolium hexafluorophosphate [BMIm][PF6], 
and Au as the semi-transparent anode (Fig. 4.5, panel b). A thin layer of Cr was used 
to ensure good adhesion of the semitransparent gold electrode on the glass substrate. 
To maintain a good transparency, the bottom electrode was built up using 2 nm of Cr, 
5 nm of Au and 5 nm of MoO3 (the reason for the MoO3 layer is commented upon in 
the next paragraph) deposited by sequential thermal vacuum evaporation on top of a 
flat glass substrate (Fig. 4.5, panel d). The maximum luminance of the Cr/Au/MoO3 
/iTMC:[BMIm][PF6] = 4:1 (molar ratio)/Al top LEC reaches 727 cd m−2 at a constant 
current of 100 A m−2 (see Fig. 4.6, panel a). In addition to the charge generation 
function, the middle electrode has the role of protecting the bottom device during the 
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processing of the top device. In this work Au layers of 0, 5, 10, and 40 nm were 
evaluated as the semitransparent middle electrode.  
 
Fig. 4.6 Performance of bottom, top, and tandem LECs. (a) Voltage (symbols) and luminance 
(lines) versus operation time for the bottom (blue), top (red), and tandem LECs (green) when 
operated at a constant current density of 100 A m−2. (b) Electroluminescence spectra of the 
bottom (blue), top (red), and tandem LECs (green) when operated at a constant current density 
of 100 A m−2. (c) Scheme depicting the position and size of the ITO bottom (A), Au middle 
(M), and Al top (C) electrodes, black dots indicate the position where the anode and cathode 
are contacted. (d) Photograph of a tandem LEC driven at 100 A m−2 with a 10 nm thick Au 
middle electrode. (e) Photograph of a tandem LEC driven at 100 A m−2 with a 5 nm thick Au 
middle electrode. 
 
 With thin Au layers, the bottom device was partially removed during the 
solution processing of the top light-emitting layer. Hence, an additional layer is 
required to prevent damaging of the bottom device. In tandem OLEDs using doped 
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electron injection layers, MoO3 has been used as the interlayer.2e Therefore, a thin 
layer of MoO3 was thermally evaporated on top of the Au electrode in the tandem 
LECs. A MoO3 layer as thin as 5 nm on top of the Au electrode is sufficient to protect 
the bottom layer during processing of the top device. 
 
 To verify the effect of the different Au thicknesses, the electrodes used in the 
tandem device had a different area, 78, 72, and 36 mm2 for the ITO bottom-, the Au 
middle-, and the Al top-electrode, respectively (Fig. 4.6, panel c). The tandem LEC 
without Au did emit but the light was orange indicating it came from the top device 
only. Hence, in contrast to what was observed in a tandem OLED, no electron 
injection into the bottom device is occurring from the MoO3 layer. This suggests that 
the dynamic doping levels in LECs are lower than what is achieved by intentionally 
doping. The tandem device with a very thick Au layer (40 nm) had a very poor 
transparency and, although both sub-devices emit light, only very weak orange light is 
detected from the top device. The tandem LEC with 10 nm Au emits from both top 
and bottom devices leading to white light emission (Fig. 4.6, panel d). Additionally, 
blue light emission is obtained over the area where the Au electrode overlaps with the 
ITO anode. Hence, electrons are injected into the bottom device over the whole area of 
the Au middle electrode, implying that its lateral conductivity is higher than required. 
At the area at which there is no overlap between the Al cathode and the ITO anode but 
with the Au interlayer present, only orange light from the top device is observed (Fig. 
4.6, panel d). 
 This demonstrates nicely the tandem device concept showing simultaneously 
light-emission from bottom, top, and tandem devices. The best tandem LEC was 
obtained with an Au layer of 5 nm. In this tandem device, light emission (white) is 
only observed from the area at which the Al cathode overlaps with the ITO anode 
(Fig. 4.6, panel e). Now, the lateral conductivity of the thin Au layer is insufficient to 
allow for the injection of electrons outside the area defined by the top contact. For this 
reason, no light-emission can be observed for the bottom and top cell separately. 
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 Lummax [cd m–2] 
Efficacymax 
[cd A–1] 
Lumst[a] 
[cd m–2] 
Ust[a] 
(V) 
Bottom 156 1.6 110  9.3 
Top 728 7.3 328  3.5 
Tandem 845 8.4 604 11.1 
[a] Lumst and Ust refers to the luminance and driving voltage at quasy steady-state conditions 
(here taken at 6 minutes after turn-on). 
Table 4.3. Performance of bottom, top, and tandem LECs when operated at a constant current 
density of 100 A m−2. 
 
 The typical performance of the optimized tandem LEC is depicted in Fig. 4.6 
(panels a and b). The electroluminescence of the tandem LEC clearly contains 
contributions from bottom and top devices (Fig. 4.6, panel b). The CIE coordinates of 
the white light emitted are x = 0.38 and y = 0.47, which is slightly above the black-
body radiation curve. The driving voltage of the tandem LEC drops rapidly after 
turning-on the current (Fig. 4.6, panel a). The drop is caused by the migration of ions 
to the electrode interfaces and the build-up of electrical double layers and, eventually, 
the formation of the dynamically doped zones, which rapidly reduces the injection 
barriers for electrons and holes (Fig. 4.4). As such, the voltage needed to sustain a 
current density of 100 A m−2 continuously decreases until it reaches a quasi-steady 
state, which is related to the charge transport of the carriers in the light-emitting 
layers. The luminescence of the white tandem LEC reaches a maximum of 845 cd m−2 
at a constant current of 100 A m−2. At this luminance the current efficiency is 8.5 cd 
A−1 (Table 4.3). Although device performance was not the main goal of this work, 
these values are significantly above those reported previously for white LECs.12–14 The 
luminance of the tandem LEC decreases quite rapidly with time mainly due to the 
poor stability of the bottom blue LEC. 
 For a tandem configuration with two devices in series, the luminance and the 
driving voltage are expected to be the sum of the two individual devices. Interestingly, 
the tandem LEC here described shows a higher luminance and a lower driving voltage 
than what is obtained from the sum of luminance and driving voltage performance 
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values for the bottom and top LEC separatedly (Fig. 4.6, panel a). This observation 
implies that the individual cells in the tandem configuration outperform the stand 
alone bottom and top LECs. Moreover, there appears to be no charge balancing issue 
with this tandem device. That is expected as the formation of the dynamic doped zones 
is a self-regulating mechanism causing the current density to be equal in both top and 
bottom devices without potential losses at the junction. 
 In summary, salt-containing organic semiconducting materials are ideally suited 
for the preparation of tandem devices. Upon applying an external bias, the presence of 
the ions lead to the generation of dynamically doped regions adjacent to the external 
and internal electrodes. This self-regulates the potential drop, leads to ideal junction 
formation, and removes the need to use permanently doped charge injection layers. 
This was demonstrated by preparing a partially solution-processed white tandem LEC 
exhibiting a current efficiency of 8.5 cd A−1 at a luminance of 845 cd m−2. To achieve 
this, a novel high luminance blue LEC was developed by adding an ionic liquid to a 
composite frequently employed in OLEDs. 
 
Experimental Section 
Materials:  
Aqueous dispersions of poly(3,4-ethylenedioxythiophene) doped with 
poly(styrenesulfonate) (PEDOT:PSS, CLEVIOS P VP Al 4083) were obtained from 
Heraeus Holding GmbH and used as received. The ionic transition-metal complex 
(iTMC) 4,4′-di( tert -butyl)-2,2′-bipyridine bis(2-phenylpyridinato) iridium(III) 
hexafluorophosphate [Ir(ppy)2(dtb-bpy)][PF6] was synthesized following a previously 
published procedure.16 The ionic liquids (ILs) 1-butyl-3-methyl-imidazolium 
hexafluorophosphate [BMIm][PF6] and tetrahexylammonium tetrafluoroborate 
[THA][BF4] were purchased from Aldrich and Fluka, respectively. The host-polymer 
poly(N-vinylcarbazol) (PVK) was purchased from Aldrich and 1,3-bis[2-(4-ter-
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butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7) was purchased from 
Luminescence Technology Corp. The phosphorescent guest bis(2-(4′,6′-
difluoro)phenylpyridinato) iridium(III) picolinate (FIrPic) was also purchased from 
Luminescence Technology Corp. All commercially available materials were used as 
received. The chemical structure of the iTMC, the ILs, and the phosphorescent host-
guest materials are displayed in Fig. 4.5. 
 
Device Preparation: 
The tandem LECs were made as follows. Indium tin oxide ITO-coated glass 
plates were patterned by conventional photolithography (purchased from Naranjo 
substrates). The substrates were subsequently cleaned ultrasonically in water-soap, 
water, and 2-propanol baths. After drying, the substrates were placed in a UV-ozone 
cleaner (Jelight 42-220) for 20 min. An 80 nm layer of PEDOT:PSS was spin-coated 
on the ITO glass substrate. A first emitting layer of FIrPic in a composite matrix, 
comprising 10 mg of PVK, 10 mg of OXD-7, 2 mg of FIrPic, and 1 mg of 
[THA][BF4] in 10 mL chlorobenzene, was spin-coated at 1500 rpm for 40 s on top of 
the PEDOT:PSS layer. Then the gold and the molybdenum oxide (5 nm) were 
thermally evaporated as the middle electrode using a shadow mask. After that, a 
second light-emitting layer consisting of the iTMC and [BMIm][PF6] at a molar ratio 
of 4 to 1 was spin-coated from an acetonitrile solution (solid content 40 mg mL−1) at 
1500 rpm for 40 s on top of the middle electrode layer. Finally the top Al electrode (70 
nm) was thermally evaporated. Spin-coating was done in ambient atmosphere; the 
base pressure during the thermal evaporation was 1 × 10−6 mbar. 
 
Device Characterization: 
The thickness of the films was determined with an Ambios XP-1 profilometer. 
Thin film photoluminescence spectra and quantum yields were measured with a 
Hamamatsu C9920-02 Absolute PL Quantum Yield Measurement System. The 
voltage versus time (J - t) and electroluminescence versus time (Lum - t) 
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characteristics were collected using a Keithley Model 2400 source measurement unit 
and a Si-photodiode coupled to a Keithley Model 6485 picoamperometer, 
respectively. The photocurrent was calibrated using a Minolta Model LS100 
luminance meter. Electroluminescence spectra were recorded using an Avantis 
fiberoptics photospectrometer. The devices were not encapsulated and were 
characterized inside the glovebox. 
 
Supporting Information 
 
Fig. S4.2. Optimization of the blue LECs. (a) Voltage (symbols) and luminance (lines) versus 
operation time for the different compositions of PVK:OXD-7:FIrPic in the active layer when 
operated at a constant current density of 100 A m–2. The device configurations used were: 
ITO/PEDOT:PSS/(PVK:OXD-7:FIrPic):IL=22:1 (mass ratio)/Au (red, blue and cyan) or Al 
(green) curve. The ratio’s PVK:OXD-7:FIrPic are depicted in the legend.  
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    Chapter 5 
Thin film high efficient solar cells 
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5.1 CH3NH3PbI3 and organic blocking layers:  
 a versatile solar cell configuration 
The hybrid organic-inorganic perovskite semiconductors have been 
highlighted as one of the major scientific breakthroughs of 2013, representing for 
the first time a real alternative to the established inorganic based solar cell 
technology. Thin perovskite films can be easily solution processed from a wide 
variety of techniques, allowing their fabrication in a fast, simple and easy way.  
 
Such a simple and accessible fabrication process has favored these materials 
to be accessible for the majority of the PV research groups. As a consequence, 
perovskite have been synthetized in very different ambient conditions, by using 
different techniques, precursors and processes. Although it is not understood yet 
the influence of the perovskite morphology on the performance and photocurrent 
behavior of the PSC, different methods of synthesis can lead to different perovskite 
behavior, mainly when the crystalline film is fabricated directly from a solution-
deposition process. Additionally, some of the most efficient cells have shown 
hysteresis when they are forward or reversed bias, impeding to obtain reliable 
fundamental studies. In such situation, the control and certification of PSC 
performances is an actual necessity as well as the development of controllable 
sintering processes to achieve reproducible results and reliable conclusions. 
 
According to the above mentioned demands, we attempted to synthesize the 
perovskite material through an alternative approach, by using a dual source 
evaporating process, in a similar way than reported previously.1-3 This process 
consisted on evaporating both precursors, CH3NH3I and PbI2, at the same time 
inside a high vacuum evaporator.  
By adjusting the stoichiometry of precursors, pure perovskite layers with an 
accurate control on the layer thickness and composition were obtained. This 
allowed the preparation of very reproducible samples which makes possible an in 
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depth study of these materials. A schematic picture of the evaporation process is 
shown in Fig. 5.1. 
  
 Fig. 5.1 Schedule of the thermal evaporator used in the dual source evaporation process. 
 
Both starting materials were heated simultaneously to their corresponding 
sublimation temperatures forming a perovskite layer at the height of the substrate, 
as it is shown in the above figure. Since the perovskite is formed by a specific 
stoichiometry it is fundamental to know the evaporation rate for each material, 
what implies the calibration of each sensor. Nevertheless, the calibration for 
CH3NH3I resulted very difficult as the films were very soft and not homogeneous. 
As an alternative, we fixed the temperature of evaporation for this material and 
modified the rate for PbI2 until the right stoichiometry was achieved. The obtained 
films were analyzed and characterized by grazing incidence X-ray diffraction 
(GIXRD), atomic force microscopy (AFM) and scanning electron microscopy 
(SEM), which confirmed the typical tetragonal structure for CH3NH3MX3 hybrid 
perovskites (M = Pb+2, Sn+2; X = Cl-, Br-, I-), together with a very compact and 
smooth surface, with a root mean square (rms) roughness of 5.5 nm, as it is shown 
in Fig. 5.2. 
 
PbI2 CH3NH3I
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Fig. 5.2 Surface characterization of an evaporated methylammonium lead iodide perovskite 
film with a thickness of ~ 250 nm, a) GIXRD diffractogram of the prepared sample (red) 
compared with the simulated X-ray powder pattern for CH3NH3PbI3 with preferred 
orientation along the (100), (010) and (001) directions (black); b) SEM picture and c) AFM 
image and profile of the thin perovskite film. 
 
 
Most high efficiency perovskite solar cells reported in literature are based on 
the use of metal oxides such as Al2O3, TiO2 or ZrO2, which require a high 
temperature sintering process and possess limited flexibility that may compromise 
their performance on alternative applications such as flexible devices. To exploit 
the potential of perovskites, new configurations with compatible materials are 
needed. In contrast, organic materials can be processed very easily at low 
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temperatures and are compatible with solution based roll-to-roll printing, which is 
one of the lowest cost and highest throughput method of fabrication.4 
 
For that purpose, the evaporated perovskite thin film was sandwiched 
between two organic electron and hole transporting materials, which could also act 
as charge blocking layers, facilitating the injection / extraction of charges from the 
active material. As electron blocking layer, a thin film of poly(4-butylphenyl-
diphenyl-amine) (polyTPD) was used. This material presents a very low 
conductivity (<2 × 10 −8 S cm −1). However, it presents a HOMO energy very 
similar to that of the VBperovsk, allowing an efficient hole extraction from the active 
material by using very thin layers (~ 20 nm). On the contrary, its LUMO energy is 
high enough to avoid any electron diffusion from the CBperovs to the anode, 
behaving as an electron blocking material. Due to the low thickness of the 
polyTPD film, another layer of ~70 nm PEDOT:PSS was deposited between the 
ITO and the thin blocking layer, to soft the high roughness of this electrode surface 
at the same time that facilitates the extraction of holes by lowering the energy 
barrier. 
 
On the other hand, as electron transport material, a 20 nm film of [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM60) was used, which presents a 
LUMO that is almost aligned to the perovskite CBperovs. In a similar way as 
polyTPD, this material presents a deep HOMO energy, making more difficult the 
extraction of holes through the perovskite/PCBM interface. Finally, to complete the 
cell a 70 nm layer of Au was used as metallic cathode. Fig. 5.3 shows the device 
configuration and energy level diagrams of the PSC used in this Thesis. 
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Fig. 5.3 Approximate energy band diagram of the fabricated solar cell structure. Energy 
levels are taken from references 5-11. 
 
One surprising characteristic of this configuration is the use of two 
electrodes with a very similar work function, what implies that there is no apparent 
built-in potential provoked by them (ΔV ~ 0.3 eV). Thus, in the absence of charge 
blocking materials, this configuration does not show any photoactive response.12 
Nevertheless, thanks to the charge blocking effect, the photo-generated electrons in 
the perovskite material are blocked and unable to reach the ITO/PEDOT:PSS 
anode, diffusing to the opposite electrode. On the contrary, the holes that are photo-
generated in the perovskite can reach the ITO electrode easily, but not the Au 
electrode as there is a high potential barrier between the VBperovs and the 
HOMOPCBM. As a consequence, a photo-generated current flows from the cell, 
leading to very good performances. Table 5.1 summarizes the most relevant results. 
-5.1
E
ne
rg
y
vacuum
ITO
Au
CH3NH3PbI3
po
ly
TP
D
PE
D
O
T:
PS
S
PC
B
M
-5.4
-5.9
-5.4
-5.2
-4.8
-3.9-3.9
-2.4
- 3.0
N N **
n
pTPD
PCBM
222 
 
Table 5.1 Most important results achieved with the metal-oxide free PSC, in the presence 
of the presence and absence of the electron blocking layer. The absence of any CBL leads 
to large ohmic conductivities.   
 
 
 The evaporated perovskite, sandwiched in an organic-based configuration lead 
to power converted efficiencies close to 15 %. This configuration combines a very 
reproducible, controllable perovskite sintering process, with a robust layout, which 
is compatible with solution and low temperature processes by adapting the 
processing of the perovskite film, resulting a very versatile configuration. Thanks 
to these characteristics, the cells could be adapted to other interesting solar cells 
configurations allowing the preparation of high efficient flexible solar cells or high 
efficient semitransparent single junction cells, as will be shown in the next 
sections. Moreover, by this method no hysteresis is observed when bias the PSC in 
reversed or forward mode, suggesting its suitability for carrying deeper studies.  
 
 
 
 
 
 
 
 
PolyTPD
PCBM60, PolyTPD
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5.2 Flexible high efficiency perovskite solar cells 
Roldán-Carmona, C. 1,2; Malinkiewicz, O. 1; Soriano, A. 1; Espallargas, G.M. 1; Garcia, 
A.3; Reinecke, P.3,4; Kroyer, T.3; Dar, M.I.; Nazeeruddin, M.K. 4 and Bolink, H.J. 1 
 
1 Instituto de Ciencia Molecular, Univ. de Valencia, Catedrático J. Beltrán 2, 46980 Paterna, Spain.  
2 Depart. of Physical Chemistry, Univ. of Cordoba, C. Rabanales, Ed. C3, 14014, Spain 
3 Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstrasse 2, 79110 Freiburg, Germany 
4 Freiburg Materials Research Center (FMF), Stefan-Meier-Strasse 21, 79104 Freiburg, Germany 
5Laboratory of Photonics and Interfaces, Swiss Federal Institute of Technology (EPFL), Station 6, 
Lausanne, CH 1015, Switzerland 
 
 Thin film photovoltaics represent the ultimate goal in the quest for clean 
renewable energy. Recently, methylammonium lead halide perovskites have been 
identified as promising absorbers for solar cells. Over the past three years, the 
performance of perovskite-based solar cells has rapidly improved reaching efficiencies 
as high as 15%. The perovskite absorbers are prepared from low-cost and abundantly 
available components allowing for the preparation of low cost photovoltaic devices 
and modules. However, to achieve very low cost devices they should be prepared 
using roll to roll (R2R) processes on large area flexible substrates. This requires a 
device architecture that does not need high temperature steps and that can be prepared 
using large area coating or printing methods.  
 Here we show that methylammonium lead iodide perovskite layers when 
sandwiched in between two thin organic charge-transporting layers and processed on a 
polymer based conductive substrate using large area compatible coating techniques 
lead to flexible solar cells with high power conversion efficiencies as high as 7%. 
Moreover, extended bending of these devices does not deteriorate their performance 
demonstrating the suitability of perovskite based solar cells for roll to roll processing. 
 
 
Paper published in Energy & Environmental Science 7, 994, 2014. 
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 Thin film photovoltaic devices hold great promise to reduce the dependencies 
on fossil energy.1 After the seminal work of Miyasaka et al.,2 tremendous progress in 
the performance of methylammonium lead iodide perovskite based solar cells has been 
made.3–12 The hybrid organic–inorganic methylammonium lead iodide perovskites, 
pioneered by Mitzi, have been recognized for their excellent semiconducting 
properties.13,14 The ease with which these organic–inorganic hybrid perovskite 
materials can be prepared and processed from solution has made them attractive for 
photovoltaic applications. 15 All high efficiency perovskite solar cells reported until 
now use (mesoscopic) metal oxides such as Al2O3, TiO2 or ZrO2 requiring a high 
temperature sintering process. Ball et al. showed that a thick layer (350 nm) of the 
mixed halide methylammonium lead perovskite (CH3NH3PbI3-xClx) leads to efficient 
solar cells (12%).9 They argued that the perosvkite functions as the absorber and as the 
electron and hole transporter. Additionally, it was suggested that the excitons 
predominantly dissociate in the bulk and not at a donor– acceptor interface. Hence, no 
bulk heterojunction between donor and acceptor is required to achieve efficient cells. 
This was confirmed by Liu et al., who showed that the mesostructure of the metal 
oxide is not required to prepare efficient (15.4%) perovskite based solar cells.12 Recent 
results indicate that at least part of the excitons dissociate at the interface of the 
perovskite layer and the hole and electron transporting layer.16,17 An inverted layout, 
similar to that employed in small molecular weight and polymeric solar cells, has also 
been described.18,19 In these devices, the holes are extracted via the transparent 
conductor poly(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid) 
(PEDOT:PSS). 
 Recently, we have improved the performance of such inverted devices by 
sandwiching an evaporated CH3NH3PbI3 perovskite in between organic electron and 
hole blocking layers, reaching an average PCE of 12%.20 In view of the above 
mentioned results the perovskite based solar cells are very well suited for roll to roll 
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(R2R) processing on flexible substrates. It is not clear, however, how the perovskite 
active layer will behave on a flexible substrate especially when it is bent. The 
perovskite is a crystalline material; hence, cracks or other imperfection may occur 
upon bending it. 
 Here, we present a flexible thin film solar cell based on a sublimated 
methylammonium lead iodide perovskite layer that is sandwiched in between two very 
thin electron and hole blocking layers consisting of organic molecules. A flexible 
transparent conductor based on a stack of thin layers of aluminium doped ZnO (AZO), 
silver and AZO was used (Fig. 5.4). Power conversion efficiencies (PCEs) as high as 
7% were obtained and maintained when the solar cell was bent over a roll with a 
diameter of 5.5 cm for 50 times. No significant deterioration of the key performance 
parameters of the solar cell was observed indicating that the perovskite is compatible 
with roll to roll processing.  
 
Fig. 5.4 Schematic layout of the flexible perovskite solar cell and chemical structure of the 
materials used as the electron and hole blocking layer. 
 
 The flexible solar cell was prepared on 50 micron thick PET foil coated with a 
transparent silver electrode. The electrodes were produced by depositing a multilayer 
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stack composed of AZO 30 nm/Ag 9 nm/AZO 30 nm, where AZO designates Al 
doped ZnO with 2 wt% Al. The coating was applied by DC magnetron sputtering in a 
batch coater. For the AZO planar ceramic targets were used. The process pressure was 
about 5 x 10-3 mbar. In the visual range, the electrode transparency was 81%, with a 
sheet resistance of 7.5 Ohm. The coating process can be easily transferred to large 
scale roll to roll coating.21,22 After cleaning the foils by rinsing them with ultrapure 
water and isopropanol a 70 nm poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonic acid) (PEDOT:PSS) layer was deposited using spin coating and it 
was annealed for 15 minutes at 90 ºC. Following the PEDOT:PSS layer a thin layer 
(20 nm) of poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine] (polyTPD) was 
deposited by spin coating (Fig. 5.4), as the electron blocking layer. On top of this the 
CH3NH3PbI3 was thermally evaporated to a thickness of 260 nm followed by a thin 
layer (30 nm) of [6,6]-phenyl C61-butyric acid methylester (PCBM) as the hole 
blocking layer.23 The device was completed by the evaporation of an Au top electrode 
(70 nm). The PCBM layer was deposited using a meniscus coating process to ensure a 
high quality film.24  
 
Fig. 5.5 Grazing incidence X-ray diffraction (GIXRD) pattern with Ka1 radiation (l = 1.54056 
°A) of the sublimed thin film on AZO/Ag/AZO (green) compared with a film sublimed on 
glass (red),20 the AZO/Ag/ AZO substrate (blue) and the calculated one for CH3NH3PbI3 
(black). The star on the green diffractogram indicates a reflection of the gold used in the 
device. 
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 The thickness of the layers was established using absorbance measurements. 
Full details of the device fabrication and characterization are provided in the ESI.† 
The CH3NH3PbI3 films grown on the AZO/Ag/AZO substrates were characterized 
using grazing incidence X-ray diffraction (GIXRD). Fig. 5.5 shows the X-ray powder 
pattern of a CH3NH3PbI3 film evaporated on an AZO/Ag/AZO substrate, revealing the 
formation of a crystalline layer. The sharp diffraction peaks of the perovskite can 
readily be identified. 
 
 Interestingly, upon comparison with a perovskite film evaporated on glass it can 
be noted that no preferential orientation is observed on the flexible AZO/Ag/AZO 
substrates, in contrast to what happens in the case of glass. 
 Due to the small sample size the application of the hole blocking layer using 
meniscus coating is difficult. In particular, the thickness of this layer was not easy to 
control. Due to this we used a PCBM layer of approximately 30 nm which is thicker 
than needed. A scanning electron microscope (SEM) cross-section of the thin film 
device is shown in Fig. 5.6 The resolution of the image is limited by the charging of 
the sample at higher magnification. 
 
Fig. 5.6 SEM cross-section of the perovskite device on the PET foil. A thin graphite layer was 
deposited on top to prevent excessive charging during measurement. 
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 Fig. 5.7a shows the current–voltage (J–V) characteristics of a typical small area 
(0.12 cm2) flexible perovskite solar cell measured under light intensities of 100 mW 
cm-2. The reproducibility from device to device was within 10%. The short-circuit 
current density (JSC), open-circuit voltage (VOC) and fill factor (FF) for a typical 
device, respectively, are 14.3 mA cm-2, 1.04 V and 0.47, leading to a power 
conversion efficiency of 7%. 
 
Fig. 5.7 Characterization of a typical solar cell. (a) Photocurrent density versus voltage at 100 
mW cm-2. (b) IPCE spectrum    
  
 Previously, on glass substrates JSC, VOC and FF of 16.1 mA cm-2, 1.05 V and 
0.67, respectively, have been obtained leading to a PCE of 12%.20 Hence, the main 
difference between the devices on the glass substrates and on the foils is the lower FF 
which causes the strong reduction in the PCE. The main reason for this decrease in FF 
and PCE is due to the thicker hole and electron blocking layers in the flexible cells. 
The increased thickness of these layers is caused by more difficult handling of the 
small area flexible substrates. This can be solved when a larger substrate is used in 
either a batch or roll-to-roll (R2R) process employing slot-die coaters. The incident 
photon-to-current conversion efficiency (IPCE) spectra exhibit 74% (Fig. 5.7b) where 
the generation of photocurrent started at 790 nm in agreement with the band gap of the 
CH3NH3PbI3. In spite of the before mentioned shortcomings the PCE obtained is 
among the highest reported for flexible solar cells using organic molecules.25–27 Yet, 
more important than the actual value of the PCE is the effect that repeated bending of 
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the substrate has on it. To investigate this, the flexible solar cells were bent over a roll 
with a diameter of 5.5 cm. The performance was evaluated up to 50 bending cycles 
and no reduction of the key performance indicators was observed. JSC and VOC 
remained identical throughout the test and the fill factor decreased slightly from 0.474 
to 0.464 after 50 bending cycles, which lead to a decrease in the PCE of 0.1% (Fig. 
5.8b). 
 
Fig. 5.8 Bending test of the flexible solar cells. (a) Photograph of the flexible solar cell. (b) 
PCE, FF, JSC and VOC as a function of bending cycles. 
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Conclusions 
 In summary, flexible solar cells based on the CH3NH3PbI3 perovskite absorber 
have been prepared. The device layout is very compatible with flexible substrates 
because all the processes are performed at room temperature. The exception is the 
annealing at 90 ºC of the polymeric conductor (PEDOT:PSS) which is well below the 
critical temperature of most polymers. An AZO/Ag/AZO coated PET foil was used as 
the flexible substrate. In spite of some difficulties in controlling the thickness of the 
essential electron and hole blocking layers power conversion efficiencies as high as 
7% were obtained. More importantly, this solar cell layout is very robust leading to a 
decline of the power conversion efficiency of only 0.1% after 50 bending cycles. This 
demonstrates that the perovskite solar cells are very suitable for roll to roll production. 
 
Supporting Information 
Methods  
 Materials  
  Aqueous dispersions of poly(3,4-ethylenedioxythiophene) doped with 
poly(styrenesulfonate) (PEDOT:PSS,  CLEVIOS P VP Al 4083) were obtained from 
Heraeus Holding GmbH and used as received. poly[N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (poly-TPD) was purchased from ADS Dyesource. PbI2 was 
purchased from Aldrich and used as is, CH3NH3I was prepared similar to a previously 
published method28, in brief: CH3NH3I, was synthesized by reacting 21.6 ml 
methylamine (40%wt in water, Aldrich) and 30 ml hydroiodic acid (57 wt% in 
water,Aldrich) in a 250 ml round-bottomed flask at 0 ºC for 2 h with stirring. The 
white precipitate was recovered by evaporation at 50 ºC for 1 h. The product, 
methylammonium iodide (CH3NH3I), was dissolved in ethanol, filtered and 
recrystallized from diethyl ether, and dried at 60 ºC in a vacuum oven for 24 h.  
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 Device preparation  
  Devices were prepared on cleaned AZO/Ag/AZO on PET substrates, by 
spincoating a thin layer of PEDOT:PSS from the commercial aqueous dispersion 
(1200rpm 30sec and a short annealing at 150 ºC result in 70 nm thickness). On top of 
this layer a thin film of polyTPD was deposited from a chlorobenzene solution (10 mg 
ml−1) using spincoating. Then the substrates were transferred to a vacuum chamber 
integrated into an inert glovebox (MBraun, <0.1 ppm O2 and <0.1 ppm H2O) and 
evacuated to a pressure of 1 × 10−6 mbar. The sublimation of the perovskite was 
performed using a vacuum chamber of MBraun integrated in an inert glovebox 
(MBraun).  
  Temperature controlled evaporation sources from Creaphys fitted with ceramic 
crucibles were employed to sublime the CH3NH3I and the PbI2. The sources are 
directed upwards with an angle of approximately 90 º with respect to the bottom of the 
evaporator. The substrates were placed at a distance of 20 cm from the top of the 
evaporation sources. Shutters are present at the evaporation sources and below the 
substrate holder. Three quartz microbalance sensors are present in the chamber, two 
monitoring the rate of each evaporation source and a third one at the height of the 
substrate holder. After the ceramic crucibles were loaded with the CH3NH3I and the 
PbI2 the chamber was evacuated to a base pressure of 1·10-6 mbar. Fresh CH3NH3I was 
used for each evaporation. After the base pressure was reached, the CH3NH3I crucible 
was heated to 70 ºC. At this temperature, all three quartz sensors gave a signal.  
  We were, however, unable to calibrate the sensor by measuring the thickness of 
a deposited CH3NH3I film. Therefore, an alternative process was used. Upon 
stabilization of the sensor reading the crucible containing the PbI2 was heated. Only at 
PbI2 evaporation temperatures in excess of 200 ºC were dark brown films obtained. 
The film thickness of the perovskite film was monitored using quartz sensor nr 3 (at 
the height of the substrate holder).  
  Perovskite films were prepared at different PbI2 evaporation temperatures, 
increasing with 10 degrees from the predetermined 200 ºC. In this way the optimum 
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films were obtained at an evaporation temperature of the PbI2 crucible of 250 ºC. The 
PCBM layer was deposited using a chlorobenzene solution of 10 mg ml−1 in ambient 
conditions using a meniscus coater and a coating speed of 10 mm/ second. The device 
was completed by the thermal evaporation of the top metal electrode under a base 
pressure of 2 × 10−6 mbar to a thickness of 100nm. The solar cells (active area of 0.12 
cm2) were characterized inside the inert glovebox.  
 
 Film Characterization  
  GIXRD data were collected at room temperature in the 2θ range 5–50 º on an 
Empyrean PANalytical powder diffractometer, using Cu Kα1 radiation. Typically four 
repeated measurements were collected and merged into a single diffractogram. Pawley 
refinements29, were performed using the TOPAS computer program30 and revealed an 
excellent fit to a one-phase model with a tetragonal cell (a = 8.80(2), c = 12.57(2) Å) 
and space group I4/mcm. Additional peaks corresponding to the ITO substrate were 
also observed.  
 
  Film thickness was investigated using a high-resolution scanning electron 
microscope (MERLIN, Zeiss) and micrographs were acquired using an in-lens 
secondary electron detector. Prior to analysis, the sample was coated with 12 nm 
carbon to minimize the charging effect.  
 
Device characterization  
  Solar cells were illuminated by a white light halogen lamp in combination with 
interference filters for the EQE and J-V measurements (MiniSun simulator by ECN 
the Netherlands). A black mask was used to limit the active area of the device. Before 
each measurement, the exact light intensity was determined using a calibrated Si 
reference diode. An estimation of the short-circuit current density (JSC) under standard 
test conditions was calculated by convolving the EQE spectrum with the AM1.5G 
reference spectrum, using the premise of a linear dependence of JSC on light intensity. 
Current-voltage (J-V) characteristics were measured using a Keithley 2400 source 
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measure unit. All characterization was done in a nitrogen filled glove box (<0.1 ppm 
O2 and <0.1 ppm H2O) without exposure to ambient atmosphere. 
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5.3 High efficiency single-junction semitransparent  
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 Hybrid organic–inorganic lead halide perovskites have excellent semiconductor 
properties leading to solar cells with efficiencies surpassing 17%. These perovskite 
based photovoltaic devices are structurally very similar to organic photovoltaic (OPV) 
devices enabling the preparation of light weight, thin and color tunable solar devices 
that can be deposited on a wide variety of substrates. One of the unique applications of 
the perovskite solar cells is their use in building integrated applications, in particular 
as facade and window elements, as this would greatly contribute to self-sustaining 
buildings at low cost. However, this application requires the preparation of efficient 
semi-transparent perovskite solar cells. Here we present a solar cell employing very 
smooth thin perovskite layers in combination with thin organic blocking layers 
reaching average visible transmittances (AVT) as high as 44%. When a 
semitransparent gold top electrode capped with a dielectric is employed to complete 
the solar cell, an efficiency of 6.4% and an AVT of 29% are obtained. Even with this 
non-optimal semi-transparent top electrode, this result demonstrates the potential of 
perovskite based solar cells for building integrated applications.  
 
 
 
Paper published in Energy & Environmental Science (DOI: 10.1039/c4ee01389a) 
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 Thin flm photovoltaics have attracted much attention as a promising source of 
renewable energy to reduce the dependencies on fossil and nuclear industries.1 In the 
past years, a lot of effort has been devoted to the development of organic photovoltaics 
(OPV), including new materials and device structures, to provide an alternative to Si-
based solar cells. The advantages of OPV include their potential low cost 
manufacturing, light weight, fexibility and the availability of different materials 
allowing for colour tuning of the devices.2–4 In addition, they can be made 
semitransparent, which allows for specifc building integrated elements that could lead 
to totally self-sustaining buildings at low cost. Even though some breakthroughs in 
device efficiency have been recently reported, the efficiency of single-junction OPV 
devices is generally below 10%.5–8 In the case of semitransparent (ST) solar cells, the 
use of absorbers with a lower bandgap, in order to shift the absorption spectra to the 
infrared region, the absence of the light reflecting electrode and the implementation of 
thin active layers compromise even more the power conversion efficiency (PCE).9–12  
 In order to enhance the performance of ST solar cells, in terms of their average 
visible transparency (AVT) and PCE, several strategies have been implemented 
including extensive studies about semitransparent electrodes, tandem devices and 
recently the implementation of more efficient materials. In the case of transparent 
electrodes, the most explored material has been thin silver,8,13,14 also in combination 
with different capping layers15–17 or in configurations like Ag grids18,19 or Ag NWs.12,20 
PEDOT has also been explored as a transparent electrode.21,22 Finally, other materials 
like thin Al,23,24 thin Au,25,26 ITO,27,28 graphene29,30 and CNTs31–33 have also been tested 
with more discrete results. Among these studies, considering just single-junction 
devices with AVT higher than 20%, the top performance was set by Chen et al.8 who 
reported 6.2% PCE – 21.2% AVT using a thin silver layer, followed by a study that 
reported 5.6% PCE – 30% AVT11 using thin silver and including an external photonic 
structure for trapping the UV and NIR sunlight, and finally by another study that 
reported 4.0% PCE – 50% AVT12 using ITO nanoparticles and Ag NW mixed 
electrode. A way to increase the performance of these kinds of devices has been the 
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development of tandem OPVs, for example, Chen et al. obtained a 7% PCE – 30% 
AVT.34 However, the complexity of tandem devices impedes their facile integration in 
low cost applications which is easier to achieve with single-junction devices with 
improved performances.  
 An alternative approach to increase the performance of semitransparent 
photovoltaic devices is to use more efficient materials. Methylammonium lead halide 
perovskites are an interesting class of materials that have excellent semiconductor 
properties and have led to very efficient solar cells.35,36 From the first report by 
Miyasaka et al.,37 tremendous progress in the performance of methylammonium lead 
iodide perovskite based solar cells has been achieved.38–43 Power conversion 
efficiencies in excess of 15% have been obtained.38–40 Most of the highly efficient 
perovskite solar cells reported until now sandwich the perovskite between a metal 
oxide layer, such as Al2O3, TiO2 or ZrO2, and an organic hole transport material. In 
most cases the organic hole-transporting material (frequently spiro-OMeTAD) is 
applied on top of the perovskite as a rather thick layer and partially oxidized. The 
presence of the several hundred nanometer thick partially oxidized hole transport layer 
leads to parasitic absorption losses, reducing the transparency of the active stack. As a 
consequence, this would ultimately limit the achievable transparency of semi-
transparent devices. Based on this approach, ST perovskite solar cells achieved 3.5% 
PCE –  30% AVT.44 Their strategy relied on the dewetting of the perovskite film to 
create ‘perovskite islands’ achieving a high transmittance due to the voids in the film.  
 Recently, an alternative device layout where the thickness of continuous 
perovskite layers can be precisely controlled by thermal evaporation while avoiding 
the use of materials that induce parasitic absorption was developed.45 In this layout, 
the conductive polymer poly(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid) 
(PEDOT:PSS) is deposited on top of the transparent conductive substrate. 
PEDOT:PSS has been designed for its transparency in the visible part of the spectrum 
and with layer thicknesses around 100 nm it has a transmittance of above 90%. In the 
first examples the perovskite layer was deposited on top of the PEDOT:PSS and 
capped with a hole blocking/electron transporting layer ([6,6]-phenyl C61- butyric 
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acid methylester, PCBM60) leading to PCEs of 7.4%. Recently, You et al., improved 
the performance of this configuration reaching a maximum PCE of 11.5%.46 When 
besides the hole blocking layer also a thin electron blocking layer is used in between
the PEDOT:PSS and the perovskite layer, the device performance is further improved 
to reach a PCE of 14.8%.45,47 Hence, the transmittance of this type of solar cell is 
almost completely determined by the perovskite layer and the two electrodes. An 
additional advantage of this layout is the absence of metal oxides which facilitates the 
manufacturing of the cells and makes them compatible with flexible applications and 
roll to roll (R2R) processing.46,48  
 
 
 
Fig. 5.9 Schematic layout of the semitransparent solar cell and chemical  structures of the 
organic hole and electron blocking materials 
 
 Here we present the development of perovskite semitransparent solar cells 
reaching 6.4% PCE – 29% AVT and 7.3% PCE – 22% AVT. This successful 
implementation is based on the robustness of the perovskite evaporation process 
enabling deposition of continuous layers as thin as 40 nm. The strategy included the 
implementation of the device layout described above with minimized parasitic 
absorption and the development of an ultra-thin gold electrode capped with a LiF 
layer. Such a capping layer was intended to protect the gold layer while 
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simultaneously reducing the energy lost, by device specular reflection, which resulted 
in an enhanced device transparency. These results are the best reported to date for 
semitransparent single-junction solar cells, demonstrating their capability for building 
integrated photovoltaics and other industrial semitransparent applications. 
  
Fig. 5.10 Optical modelling of the semitransparent perovskite solar cells. (a) Negative-related 
Jsc (red lines) and AVT (black lines) for a 6 nm thick gold device. The effect of including a 
100 nm LiF capping layer is illustrated (dashed lines). In general, such a capping layer 
modifies the field distribution inside the device, which has an effect on the (b) average 
reflected sunlight (ARF, 400–800 nm), (c) average visible transmission (AVT, 400–800 nm) 
and (d) short-circuit current density. The white square encloses the combinations of 
CH3NH3PbI3 and LiF thicknesses that simultaneously reduce the ARF, enhance the AVT and 
keep a high JSC. 
 
 The architecture for the semitransparent perovskite device explored in this work 
is presented in Fig. 5.9. In order to achieve a semitransparent device, the top gold 
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electrode was designed to be only 6 nm thick. This structure was computationally 
modelled by employing the transfer matrix formalism,49,50 where the optical properties 
of the materials were obtained from the literature or estimated using the method 
reported by Manifacier et al.51 Fig. 5.10a shows the dependence of Jsc and AVT on 
the perovskite thickness with and without a protective LiF layer. Clearly, a higher Jsc 
is theoretically expected for thicker perovskite layers but imply a strongly reduced 
AVT. Therefore, a trade-off needs to be achieved between the perovskite's inversely 
related efficiency and sunlight transmission, which implies the sacrificing of either 
efficiency or transparency as seen in recent related publications.44 This negative 
relationship can be partially overcome by exploring optical interference effects 
inherent to the coherent interaction of sunlight with thin film photovoltaic devices.52 In 
particular, the LiF transparent capping layer besides providing protection for the 
underlying gold layer can be used to modify the electric field distribution inside the 
device. The optical properties of the different device layers determine that the average 
sunlight reflected out of the device (ARF) is minimized for the combinations of 
perovskite and LiF thicknesses enclosed in the white square shown in Fig. 5.10b. 
Equivalent maps were developed for the expected AVT and Jsc (Fig. 5.10c and d, 
respectively). From these graphs it is concluded that, for any given thickness of the 
perovskite layer, a LiF layer around 100 nm thick is optimal for reducing the energy 
lost by the specular reflection of the device while enabling more transparency and 
keeping a high Jsc as shown in Fig. 5.10a (dashed lines). 
 The semitransparent solar cells were prepared by sandwiching the 
methylammonium lead iodide perovskite between two very thin electron and hole-
blocking layers consisting of organic molecules (see Fig. 5.9). First, a 75 nm of poly 
(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid) (PEDOT:PSS) CLEVIOS P 
VP Al 4083 from Hereaus was spin-coated on an ITO covered glass substrate. After 
annealing for 15 minutes at 150 ºC, a thin layer of the electron-blocking material 
poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine] (polyTPD) from 
ADSdyesource was deposited (20 nm) from a chlorobenzene solution (7 mg ml-1) and 
then annealed at 180 ºC for 30 minutes. This annealing step was required in order to 
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fix the polyTPD and prevent its removal when the hole-blocking layer is deposited on 
the rather thin perovskite layers from the same solvent. To ensure high purity and high 
control of the thickness, the CH3NH3PbI3 layers were prepared by the co-evaporation 
of the two starting materials PbI2 and CH3NH3I in a high vacuum chamber as 
described previously.45,48 Four different thicknesses (40 nm, 100 nm, 180 nm and 280 
nm) were evaluated. Subsequently, a thin layer (20 nm) of the hole-blocking material 
[6,6]-phenyl C61- butyric acid methylester (PCBM60) Solenne BV was deposited from 
a chlorobenzene solution, 10 mg ml-1, using meniscus coating.53 The thickness of the 
layers was verified using both perfilometer and absorbance measurements. For non-
transparent devices the described stack was covered by a 70 nm gold layer deposited 
using vacuum evaporation. In the case of semitransparent devices, an alternative top 
electrode is required that is conductive and has high transparency. In addition, the top 
electrode and its deposition method should be compatible with the device stack. 
Therefore, only top electrodes prepared by evaporation of metals and dielectrics were 
considered (Fig. S5.1†). The optimum gold layer had a thickness of 6 nm, as it showed 
good homogeneity and acceptable conductivity and transparency values. This gold 
layer is considerably thinner than previously reported semitransparent gold layers in 
ST perovskite devices,44 which leads to a reduction in the parasitic absorption induced 
by metallic layers. As predicted by the optical model, this ultra-thin layer of Au (6 
nm) was capped by a 100 nm layer of lithium fluoride (LiF) to enhance the device 
optically. This LiF layer also protected the cell allowing for easier handling. More 
details of the device fabrication and characterization are provided in the ESI.† 
The robustness of thermal evaporation to grow perovskite layers in a wide range 
of thicknesses is crucial to the development of these semitransparent perovskite solar 
cells. Indeed, the resulting CH3NH3PbI3 layers showed very high crystallinity and 
uniformity as evidenced by grazing incidence X-ray diffraction (GIXRD) and 
scanning electron microscopy. As shown in Fig. 5.11a, despite their thicknesses, all 
the deposited perovskite layers showed high crystallinity reaching an excellent fit to a 
one-phase model with a tetragonal cell (a = 8.80(2), c = 12.57(2) Å) and space group 
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I4/cm. Additionally, high film uniformity is apparent from the SEM pictures presented 
in Fig. 5.11b. 
 
Fig. 5.11 (a) Grazing incidence X-ray diffraction (GIXRD) pattern of a typical evaporated 
CH3NH3PbI3 film. As a reference, the simulated perovskite pattern with preferred orientation 
along the (100) and (001) directions is also presented. (b) SEM picture of a typical evaporated 
perovskite layer of 200 nm. 
 
The transmittance of the layers including the glass substrate (device without top 
electrode), the ST top contact and the completed ST device are depicted in Fig. S5.2† 
for a perovskite thickness of 100 nm. Clearly, the ST top electrode reduces 
significantly the transmittance of the complete device. The transmittance spectra for 
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the completed ST device employing different perovskite layer thicknesses are shown 
in Fig. 5.12a.  
 
Fig. 5.12 (a) Transmittance spectra through the complete device for different perovskite layer 
thicknesses. The inset shows the AVT values for the devices with (filled circle) and without 
(open circles) the ST electrode. (b) IPCE spectrum. (c) J–V characteristics of the best 
semitransparent devices comprising the Au/LiF electrode for different perovskite thicknesses. 
(d) Comparison between the experimentally obtained AVT (black open squares) and JSC (red 
full squares) with the optical modelling (dashed lines). 
 
As expected the transmission increases with reducing perovskite layer 
thickness, although not completely linearly in function of the film thickness probably 
due to slight changes in the perovskite optical properties depending on its particular 
evaporation process. To highlight the effect of the different perovskite thicknesses on 
the transparency of the device, the values for the AVT of the device stacks with and 
without the ST top electrode are given (inset Fig. 5.12a). Such AVT is taken as the 
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average of the transmittance in the visible region of the spectra between 400 and 800 
nm. The stack layout (without top electrode) leads to good transmittance when the 
thickness is below 200 nm, showing an AVT of 44% for a perovskite thickness of 100 
nm. Thicker perovskite films lead to an important decrease in transmittance, reducing 
the AVT value to 19% for films with a thickness of 280 nm. The completed device 
with a perovskite layer thickness of 100 nm has an AVT close to 30%, which is high 
enough for many applications. Fig.5.12c shows the current density versus voltage (J–
V) characteristics for the described cells with 0.12 cm2 active area under light 
intensities of 100 mW cm-2. It is important to mention that the curves are the same 
under forward and reverse scan directions and as such do not display hysteresis. 
 The results show a decrease in the current density when the active layer 
thickness decreases. This is expected as less light is absorbed and as a consequence 
fewer charges can be photogenerated. This trend is also seen in the IPCE graph (Fig. 
5.12b) where the most notable decrease is observed in the red region of the spectra. 
The key performance parameters deduced from Fig. 5.12 for the different devices are 
depicted in Table 5.2. Additionally, an informative table including average values and 
standard deviation for the most important parameters can be found in the ESI, Table 
S5.2.† 
Finally, Fig. 5.12d presents a comparison between the experimentally obtained 
parameters and the optically modelled ones. A reasonably good fitting was achieved. 
Only small discrepancies appeared for AVT in the case of the 40 and 280 nm thick 
perovskite devices, which could be due to slight changes in their thicknesses or due to 
the above mentioned small variations in the optical properties of the deposited 
perovskite layers. All the devices exhibited a yellowish/brown tonality with 
considerably good agreement with optical modelling (Fig. S5.3†). The 40 nm thick 
perovskite device displayed the most neutral color (0.36; 0.37), and future studies 
could be addressed to develop optical strategies to tune such tonalities. 
In the optical computer simulation, the IPCE was modeled as IPCE = Фηabs(λ),50 
where ηabs(λ) is related to the efficiency in absorbing the sunlight and the wavelength-
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independent parameter Ф is associated with the exciton diffusion efficiency, charge 
separation efficiency, charge transport efficiency and final charge collection 
efficiency. The final fitting of this fparameter, after matching the experimental and 
computer modelled Jsc, resulted to be 0.9, which indicates the excellent exciton and 
charge conductivity properties of the perovskite layers. 
 
Table 5.2 Most important parameters for the best studied semitransparent solar cells. The 
symbol a indicates the average transmittance values through the whole device, while b are the 
average transmittance values without the top semitransparent electrode. 
 
 As a result, power conversion efficiencies as high as 6.4% for devices with an 
AVT of 30% were achieved. This is amongst the highest values reported for 
semitransparent single-junction cells. Most of the devices lead to quite high Jsc (10 to 
16 mA cm-2). The VOC is almost not affected by the thickness of the active layer and 
remains above 1 V in all the cells. The fill factor (FF) is good for the thin devices, 
reaching values of 60%, but with increasing perovskite layer thickness it decreases to 
around 45%. The reduction of the FF of the cells with thicker perovskite layers is 
likely caused by the limited conductivity of the ST top electrode. Comparison 
experiments were performed with the same perovskite layer but with a thicker (70 nm) 
top electrode, and these non-transparent devices had slightly higher current densities 
and FF around 60% (see Table S5.2† of the ESI†). 
 The obtained 100 nm or 180 nm perovskite cells present one of the best 
performances reported for semitransparent single-junction solar cells achieving power 
conversion efficiencies as high as 6.4% and 7.3%, respectively. A photograph of a 
typical semitransparent solar cell is shown in Fig. 5.13. Typical samples look 
yellowish/light brown depending on the perovskite thickness (see ESI, Fig. S5.3†). 
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More importantly, this work shows a clear route to develop high performance ST solar 
cells. 
 
Fig. 5.13 Photograph of the semitransparent solar cell having a 100 nm perovskite layer 
resulting in an AVT ~ 30% and a PCE of 6.4%. 
 
Conclusions 
 We have successfully prepared highly efficient semitransparent solar cells based 
on methylammonium lead iodide perovskite layers sandwiched between two organic 
charge transport layers. A simple cell configuration, which does not require high 
temperature processes, leads to semitransparent cells with AVT close to 22% and 29% 
through the complete device, and high power conversion efficiencies of 7.3% and 
6.4%, respectively. These results are among the best performances reported to date for 
single ST solar cells and are fundamentally based on the successful development of 
thin uniform perovskite layers by thermal evaporation. In addition, the implementation 
of an ultra-thin gold layer as electrode helped in minimizing its parasitic absorption, 
and the introduction of a LiF capping layer was crucial in reducing the energy lost 
through device specular reflection, thus enhancing device transparency without 
affecting the photon harvesting in the active layer. Furthermore, better performances 
are expected by implementing these ideas with even better semitransparent electrodes. 
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Supporting information 
1. Methods 
Materials 
 Aqueous dispersions of poly(3,4-ethylenedioxythiophene) doped with 
poly(styrenesulfonate) (PEDOT:PSS, CLEVIOS P VP Al 4083) were obtained from 
Heraeus Holding GmbH and used as received. Poly[N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (poly-TPD) was purchased from ADS Dyesource. PbI2 was 
purchased from Aldrich and used as is, CH3NH3I was prepared similar to a previously 
published method1, in brief: CH3NH3I, was synthesized by reacting 21.6 ml 
methylamine (40%wt in water, Aldrich) and 30 ml hydroiodic acid (57 wt% in 
water,Aldrich) in a 250 ml round-bottomed flask at 0 ºC for 2 h with stirring. The 
white precipitate was recovered by evaporation at 50 ºC for 1 h. The product, 
methylammonium iodide (CH3NH3I), was dissolved in ethanol, filtered and 
recrystallized from diethyl ether, and dried at 60 ºC in a vacuum oven for 24 h. 
 
Device preparation 
 Devices were prepared on a photolithographically patterned ITO on glass 
substrates, by spincoating a thin layer of PEDOT:PSS from the commercial aqueous 
dispersion (1000rpm 30sec and a short annealing at 150 ºC result in 75 nm thickness). 
On top of this layer a thin film of polyTPD was deposited from a chlorobenzene 
solution (7 mg ml−1) using spincoating. Then the substrates were annealed at 180 ºC 
during 30 minutes and transferred to a vacuum chamber integrated into an inert 
glovebox (MBraun, <0.1 ppm O2 and <0.1 ppm H2O) and evacuated to a pressure of 
1 × 10−6 mbar. The sublimation of the perovskite was performed using a vacuum 
chamber of MBraun integrated in an inert glovebox (MBraun) as previously 
reported45. The PCBM60 layer was deposited using a chlorobenzene solution of 10 mg 
ml−1 in ambient conditions using a meniscus coater and a coating speed of 10 mm/ 
second. The device was completed by the thermal evaporation of the top 
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semitransparent electrode under a base pressure of 2 × 10−6 mbar. The solar cells 
(active area of 0.12 cm2) were characterized inside the inert glovebox. 
 
Device characterization 
 Solar cells were illuminated by a white light halogen lamp in combination with 
interference filters for the EQE and J-V measurements (MiniSun simulator by ECN 
the Netherlands). A black mask with openings matching the active cell area was used 
to limit the active area of the device. Before each measurement, the exact light 
intensity was determined using a calibrated Si reference diode. An estimation of the 
short-circuit current density (Jsc) under standard test conditions was calculated by 
convolving the EQE spectrum with the AM1.5G reference spectrum, using the 
premise of a linear dependence of Jsc on light intensity. Current-voltage (J-V) 
characteristics were measured using a Keithley 2400 source measure unit. All 
characterization was done in a nitrogen filled glove box (<0.1 ppm O2 and <0.1 ppm 
H2O) without exposure to ambient atmosphere. 
 
 
2. Electrode transmittance measurements 
 Different cathodes were prepared in order to use the most appropriate to our cell 
configuration. All of them consisted on an evaporated mixture of metals, metals and 
oxides, as well as the lithium fluoride salt. Due to the better performance of our solar 
cells when using gold as the cathode, it was used as the seed layer in most of the cases. 
The transmittance of the studied cathodes is shown in Fig. S5.1. 
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Fig. S5.1. Transmittance spectra for the different semitransparent electrodes. The presence of 
LiF and MoO3 increases slightly the transmittance referred to the 6 nm gold. ITO electrode is 
also included as a reference. 
 
Table S5.1. Most important parameters of non-optimized semitransparent solar cells with the 
following configuration: ITO/PEDOT:PSS/PolyTPD/Perovskite/PCBM60/ST electrode for an 
active layer thickness of 250nm. 
 
1 Average transmittance for the electrode 
 
 
3. Perovskite film characterization 
Grazing incidence X-ray diffraction (GIXRD)  
 After the evaporation of the perovskite the films were characterized by using 
grazing incidence X-ray diffraction (GIXRD). The data were collected at room 
temperature in the 2θ range 5–50 º on an Empyrean PANalytical powder 
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diffractometer, using Cu Kα1 radiation. In Fig. 5.10a a typical difractogram for the 
thin perovskite layer is shown. Typically four repeated measurements were collected 
and merged into a single diffractogram. Pawley refinements55, were performed using 
the TOPAS computer program56 and revealed an excellent fit to a one-phase model 
with a tetragonal cell (a = 8.80(2), c = 12.57(2) Å) and space group I4/ cm.  
 
Scanning Electron Microscopy 
 Perovskite film morphology was investigated using a high-resolution scanning 
electron microscope (MERLIN, Zeiss) and micrographs were acquired using an in-
lens secondary electron detector (Fig. 5.10b). 
 
 
4. Performance of perovskite solar cells with 70nm Au as cathode 
 Comparison experiments were performed with the same device structure and 
perovskite layer thicknesses but using a thicker (70 nm) top electrode. Table S5.2 
summarizes the most important parameters of these cells including average values and 
standard deviation of more than 35 devices for both ST and standard devices.  
 
Table S5.2. Key parameters of the perovskite solar cells with the ST and the thick gold 
electrodes as cathodes. Devices were prepared with the following configuration: 
ITO/PEDOT:PSS/PolyTPD/Perovskite/PCBM60/Cathode.  
 
Perovskite 
thickness 
Jsc (mA cm-
2) Voc (mV) FF PCE (%) 
AVT1 
(%) 
6nm Au/ 100nm LiF 
40 nm 5.8 ± 0.2 1009 ± 27 57 ± 1 3.4 ± 0.1 45 
100 nm 10.3 ± 0.2 1072 ± 2 57 ± 1 6.3 ±0.2 44 
180 nm 14.1 ±0.6 1034 ±3 47 ±5 6.9 ± 0.5 33 
280 nm 15.5 ± 0.6  1047 ± 7  44 ± 3 7.1 ± 0.7  19 
70 nm Au 
100 nm 10.3 ± 0.2 1066 ± 2  58 ± 1  6.9 ±0.3  44 
180 nm 17.6 ±0.7  1088 ±4  61 ±2  11.6 ± 0.5 33 
1 Average transmittance for the device without the metallic cathode 
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In the case of devices prepared using 70 nm Au the main difference when 
decreasing the perovskite thickness is the lower current density that the devices 
produce, as the FF and VOC are almost not affected when using active layers 
thicknesses above 100 nm. Nevertheless, there is an important decrease for the 40 nm 
devices, which affects strongly the device performance. The best efficiencies are 
obtained for 180 nm and 250 nm perovskite films, leading to values of PCE close to 
12%. Comparing these results with the obtained for the ST cells it is evident the 
limitation that the ST electrode may have in the current density during the device 
operation, lowering the resulting FF. Moreover, the device with 180 nm of active layer 
shows a high value for PCE and AVT of 33 % without the top electrode. These results 
suggest that really high efficiencies could be achieved with a proper semitransparent 
electrode. 
 
5. Transmittance spectra for optimized device 
 The transmittance spectra trough a typical semitransparent solar cell with the 
best semitransparent electrode (Au/LiF) and 100 nm of perovskite thickness is shown 
in Fig. S5.2. 
 
Fig. S5.2. Transmittance spectra for the device without top electrode, the semitransparent (ST) 
top contact and the completed device with ST top contact using a perovskite layer thickness of 
100 nm. 
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6. Chromaticity coordinates for the semitransparent devices 
The color calculation of both actual and simulated devices is based on the 
determination of the CIE 1931 chromaticity coordinates x and y. Given the devices 
transmittance T (λ) and taking as reference the daytime D65(λ) standard illuminant,57 
the X, Y and Z tristimulus values are calculated as follows:58 
 
Where  and  and  are the CIE standard observers 
functions. Finally, the chromaticity coordinates are directly calculated as: 
 
Fig. S5.3 shows the CIE(x,y) calculated for the semitransparent devices using both the 
transmission spectra of the experimental devices and the predicted ones in the optical 
modeling. 
 
All devices exhibited a yellowish/brown tonality with considerably good 
agreement with the optical modeling. The 40 nm thick perovskite device displays the 
most neutral color (0.36; 0.37) and future works could be addressed to develop optical 
strategies to tune such tonalities. 
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Fig. S5.3. b) CIE 1931 color coordinates calculated using the transmission spectra of the 
experimental devices (black circles), and the transmission spectra predicted in the optical 
modeling (solid line). 
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Chapter 6 
Overview of the main results 
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6.1 Physical control of thin films at the air-water 
interface (Chapter 3) 
   
 In Chapter 3 two surface techniques have been analyzed and pointed out as very 
useful for the study of organized Langmuir monolayers containing absorbing polar 
head-groups.  Additionally, mixed Langmuir and Langmuir-Schaefer monolayers with 
an amphiphilic Ir-complex and a water-soluble porphyrin derivative have been 
prepared, allowing the characterization and study of intermolecular energy 
transference between both units. 
 
 The firstly studied surface technique has been the Brewster Angle Microscopy 
(BAM) which is a powerful technique that allows the in situ visualization in sity of the 
Langmuir monolayer. Traditionally, the information provided by this technique has 
been related with the organization of the alkyl chains of the molecules, neglecting the 
influence that the polar head-group could have in the reflectivity. Nevertheless, in this 
work the influence of the molecular arrangement of the polar headgroup has been 
pointed out by analyzing the monolayer using a two layer model, where both the 
hydrophobic and the polar regions are considered. Four different scenarios have been 
analyzed as a function of the size and the absorption from the polar headgroup: small 
and nonabsorbent groups (Scenario I), large and nonabsorbent groups (Scenario II), 
small and absorbent groups (Scenario III) and large and absorbent groups (Scenario 
IV). By comparing the results obtained from the two layer model and the traditional 
model, the relative increase on reflection provoked by the polar headgroup was 
obtained (ΔRp/R). 
The results obtained showed that the traditional model is suitable for Scenario I, 
when simple amphiphilic molecules are used, such as long chain esters, alcohols or 
amines. In such a situation the relative increase on reflection was only ~ 24%.  
However, when the polar headgroup was larger the same model led to very significant 
differences. In this case, the relative increase in reflection was ~ 85% suggesting that 
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the reflection provoked by the alkyl chain in such situation was not so relevant as that 
of the polar headgroup.  
Scenario nchains dchains, nm npolar dpolar, nm k R x 105 ΔRp/R % 
I 
1.42 2 
1.4 0.4 0 0.099 24.2 
II 1.6 0.8 0 0.494 84.8 
III 1.4 0.4 0.5 0.158 54.4 
IV 1.6 0.8 0.5 1.304 94.3 
Table 6.1. The most important optical parameters for the different scenarios considered in this 
study. ni the refractive index, di is the thicknesses (expressed in nanometers), k is the 
absorption coefficient of the polar headgroup. R is the total reflection of the incident light from 
the Langmuir monolayer and ΔRp is the enhancement of reflection originated by the polar 
headgroup. 
 
 A qualitative example of these scenarios was shown by analyzing a mixed Ir-
complex : DMPA (1:x ; x>1) monolayers, where the Ir-dye represented a big 
nonabsorbent polar headgroup while the DMPA a small nonabsorbent headgroup. In 
such situation, the equimolecular mixture Ir-dye: DMPA formed a uniform monolayer, 
while the excess of DMPA segregated, leading to small domains in the BAM picture 
(see Fig. 6.1 A, left). Often, the formation of a condense phase leads to increased 
reflection and the appearance of bright domains. Nevertheless such a monolayer 
behaved differently. At low surface pressure, the domains were bright. However they 
transformed to dark domains when π > 12.5 mN m-1. Such a situation could be 
explained by considering the influence of the polar headgroup. Thus, at low surface 
pressure the Ir-dye molecules were highly dispersed and strongly hydrated (Scenario 
I), presenting low reflectivity. However, as the monolayer was compressed, the 
density of the monolayer increased and the hydration of the Ir-dye reduced, resulting 
in higher reflectivity. As a consequence, an inversion in the BAM pictures was 
observed and the domains appeared dark. Such an inversion in the BAM picture could 
not be understood without considering the influence of the polar headgroup. 
  
 On the contrary, the situation changed when the headgroup absorbed the 
incident light (Scenarios III and IV). In the case of a small headgroup, the model 
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showed that both the alkyl and the polar group contributed significantly to the 
reflectivity, depending on the absorption coefficient value (k). For an intermediate 
value k = 0.5, the increase in reflectivity was ~ 54%. Nevertheless, large polar groups 
led to an important relative increase of reflectivity ~ 94% for k = 0.5. In such a 
situation the total reflection of the monolayer could be analyzed without considering 
the alkyl chain. As in the previous example, a qualitative experiment representing 
Scenario IV was shown (see Fig. 6.1 A, right). It consisted on the study of a mixed 
monolayer of an amphiphilic derivative of Rhodamine (C18RhB) and an alkyl benzyl 
ester (molar ratio 1:2 respectively). At low surface pressure the monolayer appeared 
homogeneous. Nevertheless dark irregular domains appeared as compressing the 
monolayer, due to the formation of a condensed phase. Again, the dark domains were 
composed by the segregated nonabsorbent benzyl ester, and the bright environment 
was enriched with the high absorbent C18RhB, leading to an impressive contrast. 
  
 Nevertheless, not only qualitative but also quantitative structural information 
could be obtained by simulating the textures observed in the domains using the 
Fresnel equations. When the alkyl chain did not contribute to the reflection (scenario 
IV), such inner textures were related to the ordered arrangement of the polar 
headgroup and its absorption. One example was shown by analyzing the mixed 
DMPA:SP monolayer in a molar ratio 1:1. Such system showed well defined circular 
2D domains with particular inner textures, due to the organization of the polar SP 
group. These textures could be analyzed by ignoring the presence of the alkyl chains. 
For that, it was necessary to consider all the space parameters needed for representing 
the orientation of the transition dipole respect to the air-water interface in a circular 
domain. As a result, the total reflection Rp could be defined as a function of γ, the 
angle formed between the x axis (projection of the incident light to the air-water 
surface) and any radius of the circular domain. The resulting reflectivity was then 
expressed in terms of a relative grey level scale from 0 (black) to 255 (white), which 
could be transformed, by using polar coordinates, into a simulated circular domain, 
and compared with the real domain. By this approach the experimentally observed 
circular domains in the DMPA:SP monolayer were related to a concentric 
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configuration of the transition dipole of the SP polar headgroup with a tilt angle of θ = 
50º, as it is shown in Fig. 6.1.B.  
  
Fig. 6.1. A) Qualitative examples for Scenario I and II (left) where an inversion in the BAM 
picture is observed with compression of the monolayer; and for Scenario IV (right), where the 
absorbent C18RhB  leads to an impressive contrast in the picture. B) Quantitative analysis for 
an anisotropic film with circular domains such as DMPA:SP (1:1). 
 
 The presented model offers a simple tool for further research in the molecular 
arrangement of the polar headgroups in organized ultrathin films by using the BAM 
technique. 
 
 Another important technique which provides information about the tilt and 
aggregation of chromophores at the air-water interface is the UV-Vis Reflection 
Spectroscopy. This information results particularly important as the polar region is 
hardly accessible by other experimental techniques such as GIXS or PM-IRRAS. 
According to that, in the second Section of Chapter 3 a new Reflection Spectroscopy 
method has been proposed. Traditionally, the application of this technique has been 
limited to measurements under light normal incidence, ΔRn (LNI), due to the simple 
theoretical treatment needed for obtaining information. Nevertheless, the LNI method 
30 mN/m
Scenario I and II Scenario IVA)
B) Scenario IV
β = 90º; θ = 50º
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cannot be applied in certain cases, such as bands overlapping with different transition 
dipole orientations or oscillator strength that change during compression of the 
monolayer. In this Section a new method of UV-Vis-RS under light variable incidence 
(LVI) was described from a theoretical and practical point of view, which solved the 
limitations of LNI.  
 
 The treatment consisted on considering the Fresnel expressions for the 
reflection of p- and s- polarized light at different incident angles (α0) in an anisotropic 
biaxial film situated between two isotropic media, air and water. To simplify the 
model, the real part of the complex refractive index was assumed to be the same, nx = 
ny = nz = n1, which is correct for nonabsorbent wavelengths and at the maxima 
absorption wavelength (λmax). As a result, we obtained an expression for the reflection 
at a given incidence angle (α0) and wavelength (λ) where reflectivity depended on four 
parameters: film thickness (d), refractive index (n1), absorption constant in the 
isotropic media (kiso) and order parameter (P(θ)). By plotting ΔRs/ ΔRn and ΔRp/ΔRn vs 
the incident angle, it was possible to analyze the influence of P(θ) in the reflectivity 
intensities for s- and p- polarizations.  
 
 From these plots only ΔRp/ΔRn turned out to show a big dependence on P(θ), 
experimenting an inversion in the intensity for some incident angles, as it is 
summarized in Fig. 6.2.a. The dependence with P(θ) resulted particularly important 
for angles greater than the Brewster angle, suggesting them as the best conditions for 
the calculation of P(θ). However, for such a treatment it was required the numerical 
fitting of the experimental parameters d, n1 and kiso, so the curve ΔRp/ΔRn could not be 
treated in a general fashion. In order to avoid this, the dichroic relation ΔRp/ΔRs was 
used. Such new data were approximately coincident for most of the typical values of 
d, n1 and kiso observed in Langmuir films (d ≤ 3 nm; 1.75 ≥ n1 ≥ 1.45 and 1.5 ≥ kiso ≥ 
0.05), leading to an approximate value of P() with a maxima error on estimation of 
10%. As a consequence, by using the proposed method it is possible to obtain a good 
approximation of the tilt angle of chromophores in ultrathin films by measuring ΔRs 
and ΔRp. 
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Fig. 6.2 a) Rp/ΔRn vs α0 for different P() values; b) Plot of Rp/ΔRs vs P(), for different 
incidence angles values, α0, being d = 2 nm, n1 = 1.55, kiso = 0.5  and λ = 500 nm.  
  
 Two experimental examples were considered to applied this model on the 
estimation of P(). In the first case, the new method was applied to a simple system to 
compare the results with the LNI method. The studied system consisted on a pure 
monolayer of the amphiphilic rhodamine derivative, C18RhB. By analyzing the 
normalized ΔRn and the ΔRp/ΔRs ratios at α0 = 70º, values of P()3mN/m = 0.8; 
P()30mN/m = 0.58 and P()3mN/m = 0.88; P()30mN/m = 0.6 were obtained respectively for 
each method, confirming a formidable agreement between them.  
 
 As a second example, an amphiphilic derivative of the hemicyanine dye was 
studied, in which a splitting of the absorption band takes place. The splitting of this 
band had been previously related with the existence of non-equivalent molecules per 
unit cell in the aggregate. As a consequence, the transition dipole moments were not 
parallel, which lead to two optically active components in the same band: one with the 
maxima absorption at ~ 410 nm (H component) and another with the maxima 
absorption at ~ 500 nm (J component). As discussed above, these two components 
could not be analyzed by the LNI method, but was possible by the LVI method. For 
this purpose, different reflection spectra with s- and p- polarized light were taken 
under a surface pressure of 35 mN m-1. As it was expected, the spectra obtained for s-
polarized radiation did not show any change in their shape. Nevertheless, the spectra 
obtained with p- polarized radiation clearly showed 2 components on the reflection 
band for the chosen experimental conditions (35 mN m-1; α0 > 50º): one positive band 
a) b)
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centered at 410 nm and another negative band centered at 500 nm.  By applying the 
proposed method good approximations on P() values for both bands were obtained. 
A more accurate calculation was also possible through numerical fitting, the results 
being obtained in good concordance with those obtained previously in LB films via 
transmission spectroscopy of s- and p- radiation. 
 
Fig. 6.3 Reflection spectra of a hemicyanine monolayer with two overlapped bands associated 
to two different transition dipole components. 
  
 Therefore, the new method presented for using UV-Vis reflection spectroscopy 
represents an important tool for further advancing on the use of this experimental 
technique. 
 
Finally, in the third part of the Chapter 3 the Langmuir technique have been 
used for assembling organized ultrathin films containing two luminescent molecules: 
an amphiphilic cationic Ir-complex and a water soluble anionic porphiryn (TSPP), 
with a molar ratio 4:1. This stoichiometry was chosen to ensure the neutrality of the 
monolayer, where molecules remained bounded by electrostatic interactions. 
 
 By using the Reflection Spectroscopy technique both mixed Ir-complex : TSPP 
monolayers and simple monolayer of Ir-complex were analyzed during the 
compression process. The results showed that, in the case of the Ir-complex 
monolayer, there was no significant change in terms of intensity, shape and position of 
the bands for the normalized spectra, which was associated to the absence of changes 
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in the orientation or aggregation between the Ir-molecules. However, the behavior was 
different in the presence of TSPP. At low surface pressure no loss of porphyrin 
towards the aqueous surface was detected, and the molecules oriented flat to the 
surface. Nevertheless, with compression the porphyrin Soret band shifted continuously 
to longer wavelengths, decreasing its intensity when normalizing the spectra. This 
behavior suggested changes in the orientation and/or association between TSPPTSPP 
or TSPPIr-complex neighboring molecules.  
 
To reveal the origin of this changes, a further analysis was developed, which 
required the subtraction of the Ir-complex contribution to the reflectivity at the Soret 
band of the TSPP. By integrating the experimental reflection Soret band, the apparent 
oscillator strength, ƒapp, could be obtained for each surface pressure. Thus, at low 
surface pressures forient = 1.5 was obtained, which corresponded to a flat orientation of 
porphyrin molecules at the interface (θ = 90º), but it decreased to forient = 1.03 with 
compression, which corresponded to a tilt angle θ = 40º. 
 
Fig 6.4 Schedule of the molecular assemblies prepared by Langmuir and Langmuir-Schaefer 
techniques by introducing dioctadecyldimethylammonium bromide (DOMA) and stearic acid 
(SA) units between the donor (Ir-C) and the acceptor (TSPP) molecules. 
a) Airwater interface
b) Quartzair interface
Under compression Ir-C
TSPP
Ir-C
TSPP
Ir-C
DOMA
TSPP
Ir-C
ST
DOMA
TSPP
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  The fabricated Langmuir monolayers were then successfully transferred to 
quartz substrates by the Langmuir-Schaefer technique and analyzed by fluorescence 
and time resolved spectroscopy. First results showed a total quenching of the Ir-
complex emission due to the presence of the porphyrin. This quenching was attributed 
to an effective transfer of energy (E = 1) form Ir-complex to the TSPP porphyrin, as 
its emission occurs in the range of the Q absorption bands of the porphyrin. In order to 
study the intermolecular energy transfer, the distance between planes of the donor and 
acceptor units were modified by inserting lipid interlayers of DOMA and SA. After 
trying different configurations, the energy transfer was avoided by inserting a 
monolayer of DOMA and a monolayer of ST between the donoracceptor units, 
leading to the following film structure: Ir-complex/SA/DOMA/TSPP. Under such 
conditions, the emission of both the Ir-complex and TSPP were observed. 
Additionally, the kinetics decays of the studied ensembles were analyzed by time 
resolved spectroscopy. A monoexponential decay of the mixed Ir-complex:TSPP film 
was obtained for any excitation wavelength, which was related with the TSPP 
emission (τ = 4.6 ns). This behavior changed to a bi-exponential decay at the emission 
wavelength of 650 nm when inserting the interlayers, confirming the emission from 
the two molecules (τ1 = 5.1 ns and τ2 = 139 ns) and the inhibition of the energy transfer 
process. 
 
 
6.2 Thin films in LECs. Dynamic and static interlayers  
(Chapter 4) 
  
 In this Chapter the influence on the LEC performance and the dynamic of 
different thin inorganic interlayers have been studied as charge injection layers 
situated close to the electrode. 
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 In the first part of the chapter, a qualitative study of the effect of the energy 
barrier at the electrode/iTMC interfaces on the LECs performance has been carried out 
by using different metals and metal oxides as charge injecting materials. We correlated 
the brightness, efficiency and turn-on time with the work function of the electrode 
materials, in the presence and absence of thin interlayers of ZnO and MoO3.  
 
 Firstly, the hole injection barrier was studied by preparing iTMC-LECs using a 
bare and MoO3 coated ITO as anode, and Al or Au as cathode. In all cases, the active 
layer consisted on a mixture of [Ir(ppy)2(dtb-bpy)](PF6) and an ionic liquid in a molar 
ratio 4:1. Results showed that, while electroluminescence generation was rather 
independent on the charge injecting material or electrode used, their work function and 
exciton blocking properties strongly influenced the device performance. The device 
with bare ITO reached the highest Lmax (~ 1000 cd m-2) but the turn-on time and tmax 
were also long, suggesting an injection limited regime related with the high energy 
barrier existing at the ITO/iTMC interface. By incorporating a thin layer of MoO3, 
values of ton < 1seg were achieved, and the hole injection barrier no longer existed.  
 
 Such conclusion was also supported by a strong reduction on the average 
voltage of 2 V. Nevertheless, Lmax and PCE were slighly lower compared to the bare 
ITO electrode, which could be related with a partial exciton quenching due to the 
proximity of the recombination zone to the metallic cathode. The same configuration 
but replacing the aluminum by gold resulted in very long turn-on times, as the electron 
injection barrier was higher at the iTMC/Au interface. Nevertheless, very similar 
luminance and PCE values were achieved. Such results suggested that LECs can 
operate with a relative independency of the electrodes work function showing high 
luminances and efficiencies, but at the cost of a slower response. 
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Fig 6.5 (a) Luminance and (b) average measured voltage characteristics versus time for a series 
of devices where the ITO is used as the anode (positively biased) or as the cathode (negatively 
biased). 
 
 In a similar way than described above, the electron injecting barrier was studied 
by preparing iTMC-LECs using a bare and ZnO coated ITO as cathode, and a thin 
layer of Au or Au/MoO3 as anode in an inverted configuration. In the case of using 
bare ITO and Au, the device was strongly injection limited, leading to a very poor 
luminance (Lmax = 300 cd m-2) and very high averaged voltage (9 V). Nevertheless, by 
incorporating a thin layer of ZnO as EIL the average voltage decreased considerably 
and the luminance dramatically increased to Lmax = 955 cd m-2. However, the averaged 
voltages decreased slowly with time, needing 10 minutes to converge to the band gap 
value of the iTMC, suggesting that the injection was still limited. By combining both 
ZnO as EIL and MoO3 as HIL instantaneous electroluminescence, low averaged 
voltage (3.3 V) and high luminances (Lmax ~ 900 cd m-2) were achieved. 
 
 As a consequence, bright and efficient hybrid LECs employing metal oxides as 
charge injecting layer were prepared by using ZnO and MoO3 interlayers. The results 
demonstrated that the performance of such LECs was strongly influenced by the 
electrode used, affecting the equilibrium between the hole and the electron injection, 
at the same time than the turn-on time of the device. Fast device switching required 
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the minimization of the energy barrier at the electrodes, which could be easily 
achieved by choosing selective contacts such as inorganic metal oxides forming 
hybrid-LECs, particularly interesting for real lighting applications.  
 
 In the second part of Chapter 4 a partial solution process white light-emitting 
LEC based on a tandem structure was reported for the first time, employing an air 
stable intermediate electrode composed by thin evaporated films of 
Au(5nm)/MoO3(5nm). The fabrication of the tandem structure required the 
combination of two individual units linked by such intermediate layer, which 
connected them physically and electrically. In our case, the strategy consisted on using 
one blue-bottom unit and one orange-top unit so that the combination of their 
electroluminescent spectra led to white color. Nevertheless the lack of high luminance 
blue LECs limited the performance of the white tandem LECs. 
 
 For this purpose, a blue light emitting device with reasonable good luminance 
was prepared by using a novel polymer composite as the blue emitting layer, 
composed by a typical OLED configuration where a hole transport material (PVK), an 
electron transport material (OXD-7) and an emitter Ir-complex (FIrPic) where mixed 
together with a small amount of ionic liquid. The device configuration was the 
following: ITO/PEDOT:PSS/PVK:OXD-7:FIrPic:[THA][BF4]/Al and showed 
reasonable efficiencies of 4 cd A-1 for a luminance of 400 cd m-2. However, the 
performance of such device decreased to 160 cd m-2 when an Au electrode was used 
instead of Al, in a similar situation as it had in the bottom cell. On the other hand, as 
top-tandem cell, an orange light-emitter iTMC [Ir(ppy)2(dtb-bpy)][PF6] mixed with 
another ionic liquid [BMIm][PF6] was sandwiched between a thin layer of Al as the 
cathode and a semitransparent layer of Au(5nm)/MoO3(5nm) as the anode. Such 
configuration exhibited an efficiency of 7.27 cd A-1 with a luminance value of 721 cd 
m-2. By combining both structures in a unique tandem cell, a white tandem LEC was 
obtained (CIEx,y = 0.38 ; 0.47) which exhibited a peak efficiency of 8.45 cd A-1 at a 
luminance 845 cd m-2.  
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Fig 6.6 White tandem-LEC composed by a stack of a blue p-LEC and an orange iTMC-LEC 
joined by a semitransparent interlayer of Au-MoO3. 
  
 
 As deduced from the above results, salt-containing organic materials are very 
suitable for the preparation of tandem structures. Under an applied bias, the 
accumulation of ions at the electrodes and the formation of dynamically doped zones 
close remove the injection barriers at the interface for electrons and holes, allowing 
the efficient injection of charges without the need of additional doped layers close to 
the intermediate electrode.  
 
 
 6.3 Thin films in high efficient solar cells (Chapter 5) 
  
 In this Chapter, high efficient solar cells have been prepared through the 
development of the synthesis process of an hybrid organic-inorganic perovskite, 
CH3NH3PbI3, together with the combination of a solution processed organic 
architecture based on the presence of very thin hole and electron blocking films, which 
resulted cheap, easy to fabricate and highly versatile. By adapting this architecture to 
flexible substrates, high efficient solar cells were prepared with high robustness to 
repeated bending. Additionally, by improving a suitable semitransparent electrode, 
high efficient semitransparent cells were also achieved. 
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 The perovskite material was obtained by the development of the dual source 
evaporating process, where both reactants materials (CH3NH3I and PbI2) were heated 
and sublimated simultaneously in a high vacuum evaporator. By this evaporation 
process, the thickness as well as the composition of the perovskite could be modified 
in a controllable way, ensuring good qualities films. 
 Once the perovskite material was obtained and characterized, it was 
incorporated into an organic based architecture device, where the active layer was 
sandwiched between two electron and hole blocking materials, polyTPD and PCBM 
respectively. The high LUMO energy on the first and the low HOMO energy on the 
later avoided any transference of electrons or holes, respectively, from the perovskite 
material, while their HOMO and LUMO presented suitable energy levels to ensure a 
good extraction of charges to the desirable electrodes. A thin film of 70 nm gold was 
used as cathode, while a PEDOT:PSS covered ITO substrate was used for hole 
extraction. The final perovskite based solar cell architecture was 
ITO/PEDOT:PSS(75nm)/polyTPD(20nm)/CH3NH3PbI3(X)/PCBM(20nm)/Au(70nm).  
 This architecture was successfully adapted to flexible transparent conductor 
substrates based on a stack of thin layers of aluminum doped zinc oxide (AZO), silver 
and AZO deposited on a PET substrate.  As a result, by using a perovskite thickness of 
260 nm, a short circuit current density (JSC), open-circuit voltage (Voc) and field factor 
(FF) equal to 14.3 mA cm-2, 1.04 V and 0.47 were obtained respectively, leading to 
power conversion efficiencies of 7%. Compared to results obtained in glass, the main 
difference was the value obtained for FF, which decreased from 0.67 to 0.47 in the 
PET cell. This considerable difference could be related with the quality of the organic 
films and the slight increase in their thickness experimented as a consequence of the 
difficult manipulation of such flexible and small devices. However, such performances 
are among the highest reported for flexible organic-based solar cells. Moreover, 
repeated bending of the cell through a roll with a diameter of 5.5 cm did not affect 
their performance, leading to a decrease in PCE lower than 0.1 %. 
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Fig. 6.7 Power conversion efficiency of the flexible PSC after repeated bending through a role 
with a diameter of 5.5 cm. 
 Finally, a semitransparent high efficient single junction perovskite solar cell 
was also prepared by adapting the above configuration. The developed PSC 
architecture was composed by very thin organic layers which had a transmittance in 
the visible spectrum above 80%. Hence, in this type of solar cell, the transmittance 
was almost completely determined by the perovskite layer and the semitransparent 
electrode. As expected, higher perovskite thicknesses lead to higher JSC, thus higher 
efficiency, but implying a strong reduction in the averaged transmittance of the device 
(AVT).  This inconvenient was partially overcome by an optimized combination of Au 
(6 nm) and a capping layer of LiF (~ 100 nm), which provided protection for the thin 
gold electrode while also modified the electric field distribution inside the device, 
enabling more transparency.  
 The development of a controllable evaporation process allowed to evaluate 
different perovskite thicknesses from 40 to 280 nm. Grazing incidence X-ray 
diffraction (GIXRD) and Scanning Electron Microscopy (SEM) showed a very high 
crystallinity and uniformity for the ultrathin perovskite layers. Additionally, UV-Vis 
transmittance spectra were obtained for the device stacks with different perovskite 
thicknesses, showing an AVT > 44% for dperovs < 100 nm without the Au-LiF 
electrode, and AVT ~ 30% for the completed device.  
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 The prepared cells were characterized by measuring the current density versus 
voltage response (J-V), leading to efficiencies ranging from 3.4 % to 7.7 % for the 
different semitransparent cells with AVT between 45 % to 19 % in the absence of ST 
electrode, and 35 % to 10 % for the completed devices respectively. The devices 
showed an expected reduced current density with lowering the perovskite thickness, 
which could be also seen in the IPCE graph. Nevertheless, high current densities from 
10 to 16 mA cm-2 were achieved, as well as high values of Voc ~ 1V (almost constant 
for all thicknesses). However a reduction in the FF with increasing the perovskite 
thickness affected considerably the performance of such cells, mainly due to the 
limited conductivity of the ST electrode. 
 
Fig. 6.8 J – V curve and transmittance spectra for the semitransparent perovskite solar cell with 
a perovskite film thickness of 100 nm and PCE 6.4 %. 
  
 The semitransparent solar cells that showed the best performanceAVT ratio 
were those fabricated with 100 and 180 nm of perovskite film thickness, achieving 
PCE as high as 6.4 % (29% AVT) and 7.3 % (22% AVT) respectively. These values 
were among the best reported for semitransparent single-junction solar cells. 
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7.1 Conclusions of this work 
   
 At the end of each section in Chapters 3, 4 and 5 the most important 
conclusions for each topic have been mentioned. In this chapter the main conclusions 
of this thesis are presented. 
 
 Organic thin films are acquiring more importance for both present and future 
technology. Of special interest is the control of their molecular arrangement, which 
can result in new or modified properties useful for many applications. One of the 
techniques which provide monolayer or multilayer structures with a high degree of 
order is the Langmuir technique, which has been widely used in the last decades. 
Nevertheless, most of the characterization techniques of Langmuir monolayers are 
directed to analyze the hydrophobic region, without considering the arrangement of 
the polar region in these systems. This implies a big limitation as many interesting 
properties of Langmuir monolayers are direct consequences of the molecular 
arrangement of the polar units located in such a region (for example, chromophore 
dyes, magnetic components or emissive molecules…). With this in mind, in Chapter 3 
we studied and proposed two different techniques to provide useful information about 
the polar headgroup arrangement on Langmuir films.  The first technique was the 
Brewster Angle Microscopy, which traditionally had considered exclusively the 
structure of the alkyl chain. We have shown that for bulky and absorbing polar 
headgroups the BAM pictures must be related with the reflectivity of such groups. 
Such influence has a special importance in the case of high degree ordered Langmuir 
monolayer, as quantitative structural information can be obtained. For such films, we 
have described a mathematical procedure to simulate the different textures of the 
domains in the BAM picture, which allows the extraction of quantitative information 
about the polar headgroup organization, being possible its application in many 
different Langmuir monolayers.  
 Additionally, we proposed a new method for obtaining the order parameter of 
the chromopores (P(θ)) by introducing a modified version of the traditional UV-Vis 
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Normal Reflection Spectroscopy technique, which provides useful information about 
the tilt angle (θ) and aggregation of such units. We described in detail the theoretical 
background of this method, resulting in a simple way for obtaining such information 
by measuring ΔR for s- and p- polarized radiation at different incident angles. This 
procedure avoids the need of rigorous numerical fitting for intrinsic parameters such 
as the refractive index, the thickness or the exact value of the absorption constant of 
the film, assuming a range of values valid for typical Langmuir monolayers. 
Moreover, this method could be applied on systems where the traditional method is 
limited, representing a standard usage of UV-Vis Reflection Spectroscopy. We have 
also highlighted the potential of Langmuir monolayers on studying fundamental 
processes at molecular scale. With that purpose we have built multilayer architectures 
where an energy transfer process took place between a donor and an acceptor 
molecule. By building different architectures with controlled intermolecular distance, 
we have shown its suitability to analyze such intermolecular energy transfer process 
by using Steady State and Time resolved Fluorescence Spectroscopy. 
 
 Thin films have been also applied in optoelectronic devices, such as light 
emitting electrochemical cells and thin film solar cells. In Chapter 4 we have shown 
the influence of the energy barrier at the electrode/organic interface in the 
performance of LECs by incorporating ultrathin inorganic films of conductive metal 
oxides. Although the performance of LECs is according to some theories independent 
on the electrode used we showed that the performance of LECs depends strongly on 
the type of material located at the electrode interfaces. This dependence results from a 
shift in the location of the recombination zone and of the dynamically doped regions. 
However, even in injection limited devices, the formation of EDLs and doped regions 
at the interfaces lead to bright and efficient electroluminescence. By using charge 
selective contacts such as ZnO and MoO3 we have demonstrated fast device turn-on 
for very bright and efficient devices. Additionally, we demonstrated that such metal 
oxide layers can be used as cheap and stable interlayers in tandem LECs. In this thesis 
we showed the first reported white tandem LEC with a thin Au-MoO3 interlayer. 
Thanks to the dynamic working mechanism of LECs, efficient injection of charges can 
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be achieved through both external and internal electrodes. Such a self-regulating 
mechanism leads to an ideal junction formation which causes the current to be equal in 
both top and bottom devices without potential loses at the junction, and without the 
need of additional doped layers close to the intermediate electrode.  
 
 Finally, thin films have also been applied in high efficient hybrid 
methylammonium lead iodide perovskite solar cells. We showed the relevance of thin 
hole and electron blocking layers in the performance of such solar cells, as well as the 
potential of organic materials in achieving low cost and efficient photovoltaic systems. 
The development of a well controllable synthesis for the perovskite material has been 
crucial for adapting its deposition to several different substrates with a high control on 
the thickness and composition. Additionally, the absence of hysteresis when applying 
forward and reverse bias opens the possibilities for future reliable in depth studies on 
their mechanism. By sandwiching the evaporated layer between an organic hole 
transporting material and an electron transporting material that also function as charge 
selective layers we were able to prepare high efficient PSC. Moreover, the advantages 
of organic materials used in conjunction with a strongly absorbing hybrid organic-
inorganic material allows for a wide range of architectures. For example, we have 
prepared high efficiency solar cells on flexible substrates suitable for roll-to-roll 
processes. Additionally, semitransparent device architectures were developed that are 
ideal for façades or building integrated windows, as well as high efficient tandem 
structures. 
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7.2 Outlook 
 
We expect that the work developed during this Thesis can and will be used to inspire 
new research on the study of thin films in order to be applied in real-life technologies.  
 
 We have already shown in this work that the organization of ultrathin films can 
be determined by the polar region in highly ordered Langmuir systems, and proposed 
two different methods to obtain highly valuable information through the use of BAM 
and UV-Vis Reflection Spectroscopy techniques. However, it would be intriguing to 
perform BAM experiments with different lasers at different wavelengths, which could 
enhance the reflection of some regions at the expense of another regions within the 
domain, in the case of an absorbing polar headgroup, at the same time that could offer 
the chance to visualize either the polar headgroup or the alkyl chain in the same 
experiment. Moreover, we have proposed a standard usage of UV-Vis Reflection 
Spectroscopy which could inspire novel experiments in which privileged and richly 
detailed information could be achieved. This spectroscopy could be extended to 2D 
mapping, allowing the imaging of the Langmuir monolayer and the study of the 
different phases separately, or even different sections within the domain, leading to a 
new concept in the molecular description of Langmuir monolayers. 
 
Thin films have also been studied as interlayers in optoelectronic devices, in 
particular in light-emitting and photovoltaic devices. Metal oxide interlayers have 
been pointed out as possible route to achieve stable, efficient and fast response light 
emitting electrochemical cells, allowing the fabrication of the first white tandem-LEC. 
These results are particularly promising as they confirm that no charge generation 
layer is needed in such devices. However, one of the key remaining issues that prevent 
LECs from being applied in general lighting is the lack of stable and efficient blue 
emitters. Currently, their stability is now much lower than the orange counterparts, 
compromising the final performance of the tandem system. In-depth studies in this 
direction could help to unravel the origin of such instabilities in wide band-gap 
287 
 
emitters and provide the keys to develop high performing emitters in the whole 
visibile spectral range. 
 
 Finally, the development of high efficient perovskite solar cells has opened a 
way towards a low-cost and efficient alternative for electricity production.  Such a 
technology can lead to electricity prices well below these of today making electricity 
available not only to a wide population of developed but also of less developed 
regions in the world. In this Thesis high efficient perovskite solar cells based on 
organic interlayers have been developed, which are suitable for applications in clothes, 
portable utensils or even semitransparent cells for windows integrated buildings or 
tandem structures by using semitransparent electrodes. However, this technology has 
only recently emerged which implies that there are some remaining unknowns, such as 
their long term stability. We have shown that it is possible to prepare cells which do 
not show significant hysteresis in their J - V curves which will facilitate this study. 
Another issue is the presence of lead in the perovskite material. Containment and 
recyclability needs to be developed or even better, alternative materials without lead 
with similar performances.  
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Resumen en castellano  
   
   La evolución de la Tecnología implica la manipulación del medio que nos 
rodea para poder satisfacer las necesidades humanas, tales como alimento, salud, 
refugio y comunicación. A pesar de su evolución a lo largo de la historia de la 
humanidad, la tecnología ha experimentado toda una revolución en el último siglo, 
encontrándonos hoy en día rodeados de innumerables aparatos electrónicos. Sin 
embargo, la cada vez más creciente demanda energética de los países desarrollados y 
emergentes, junto con el impacto medioambiental de la mayoría de los procesos 
industriales, nos está llevando hacia un sistema claramente insostenible. A su vez, 
muchos de estos aparatos requieren el uso de limitadas y costosas fuentes primarias, 
condicionando su accesibilidad. Es urgente un cambio tanto en la manera de consumir 
de la sociedad como en la manera de producir energía, lo que sugiere la búsqueda de 
nuevas alternativas eficientes y respetuosas con el medio ambiente. 
 
 En este contexto, los materiales orgánicos representan una prometedora 
alternativa a alguno de los actuales y limitados materiales inorgánicos, puesto que son 
fáciles de fabricar, abundantes y relativamente baratos. Concretamente,  las películas 
delgadas de semiconductores orgánicos poseen un gran potencial tecnológico debido a 
sus particulares propiedades ópticas, magnéticas y eléctricas, que han permitido el 
nacimiento de lo que actualmente se conoce como Electrónica Orgánica. Comparados 
con los semiconductores tradicionales como Si o GaAs, los semiconductores 
orgánicos son ligeros, flexibles, con propiedades fácilmente modificables y pueden ser 
procesados fácilmente, permitiendo la fabricación de un gran número de dispositivos 
electrónicos de bajo coste. En las últimas décadas se ha experimentado un enorme 
avance en el estudio y fabricación de este tipo de materiales, facilitando su 
incorporación en dispositivos orgánicos, tales como diodos emisores de luz, 
transistores de efecto de campo, fotodiodos o también células solares, algunos de 
cuyos prototipos están entrando actualmente en el mercado. 
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Las películas delgadas presentan un elevado potencial tecnológico debido a 
varios factores, uno de los cuales consiste en la influencia de la composición y 
morfología en sus propiedades, resultado de interacciones colectivas entre las 
moléculas que lo conforman. Como consecuencia, en los últimos años se ha realizado 
un enorme esfuerzo en la elaboración de nuevas estrategias, que permitan no sólo 
controlar la morfología de las películas delgadas, sino también trasladar estas 
propiedades a procesos de producción a gran escala. 
 
 Una de las técnicas más estudiadas que permite preparar sistemas monocapa y 
multicapa con un elevado control en su organización molecular es la técnica de 
Langmuir. Esta técnica permite la preparación de películas delgadas en la interfase 
aire–agua con una composición muy variada, en la que al menos un componente debe 
ser anfifílico. La mayoría de las técnicas de caracterización de monocapas Langmuir 
están centradas en el estudio y organización de las cadenas alquílicas que conforman 
el sistema, siendo más escasas aquellas que proporcionan información directa de la 
organización del grupo polar. Esta situación representa una gran limitación en este tipo 
de sistemas, puesto que muchas propiedades interesantes y con gran potencial 
tecnológico derivan precisamente de la organización de los grupos o moléculas 
presentes en la parte polar (actividad óptica, cambios de absorción-emisión, 
propiedades magnéticas…).  
 
 Por todo ello, la primera parte de la presente Tesis va dirigida al estudio y 
revisión de dos técnicas de caracterización ampliamente usadas en la interfase aire-
agua, con el objetivo de obtener información útil acerca de la organización de las 
unidades moleculares que conforman la región polar, difícilmente accesible por otras 
técnicas. La primera técnica revisada fue la Microscopía de Angulo de Brewster 
(BAM), la cual se ha usado tradicionalmente atendiendo a la ordenación de la cadena 
alquílica, es decir a la parte hidrofóbica de la monocapa de estudio. Sin embargo, 
nuestros trabajos demuestran la importancia de incluir al grupo polar en el análisis de 
las imágenes BAM, particularmente cuando presenta un tamaño grande y/o absorbe la 
radiación incidente. A su vez proponemos un procedimiento matemático que permite 
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simular las diferentes texturas de los dominios observados en las imágenes BAM, 
permitiendo así conocer información estructural acerca de sus componentes, tal como 
inclinación y disposición de las moléculas. 
 
 La segunda técnica estudiada fue la Espectroscopía de Reflexión UV-Vis, cuyo 
uso ha estado limitado tradicionalmente a incidencia normal respecto a la interfase 
aire-agua, debido a la simplicidad del tratamiento teórico requerido. Esta técnica 
permite obtener información tanto del ángulo de inclinación del momento de 
transición del cromóforo, así como de la agregación existente entre moléculas. No 
obstante, requiere el uso de otras técnicas para obtener ciertos parámetros necesarios 
en el cálculo, y tiene una aplicación limitada. Ante estas circunstancias, en esta Tesis 
se ha propuesto un nuevo método de análisis basado en las expresiones de 
reflectividad (R) obtenidas a partir de las ecuaciones de Fresnel. Gracias a este 
método, es posible conocer el valor del parámetro de orden (relacionado con el ángulo 
de inclinación del cromóforo) sencillamente midiendo experimentalmente ∆Rp/∆Rs 
para un ángulo de incidencia dado, así como analizar aquellos sistemas que no pueden 
ser resueltos mediante el método tradicional de incidencia normal.  
 
 La técnica de Langmuir permite construir fácilmente ensamblados moleculares 
con un alto grado de control en su organización y composición, permitiendo así 
estudiar procesos físico-químicos que tengan lugar entre sus componentes, tales como 
procesos de transferencia de energía. Con este objetivo, se prepararon varios sistemas 
multicapa formados por dos moléculas emisoras comúnmente presentes en 
dispositivos ópticos, y se analizó la transferencia de energía entre ambas mediante 
Espectroscopía de Fluorescencia en estado estacionario y en tiempo resuelto. Mediante 
la inserción controlada de espaciadores moleculares entre donador y aceptor, fue 
posible abolir el proceso de transferencia y analizar la distancia crítica intermolecular 
para que se produzca. 
 
 Sin embargo, no sólo la morfología influye en las propiedades de este tipo de 
películas. Las películas delgadas pueden mostrar propiedades físicas muy diferentes a 
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las del material a escala macroscópica, especialmente si el espesor es muy pequeño. 
La elevada relación superficie/volumen hace que los procesos físico-químicos que 
tienen lugar en la interfase condicionen la mayoría de sus aplicaciones, adquiriendo 
propiedades electrónicas de gran interés para Electrónica Orgánica. Un ejemplo donde 
estas películas son usadas ampliamente como componentes activos son los 
dispositivos optoelectrónicos. En ellos frecuentemente una o varias películas de un 
semiconductor es depositada entre dos electrodos, generalmente inorgánicos. 
Mediante un ajuste adecuado de los niveles energéticos, es posible inyectar o extraer 
electrones y huecos a muy bajo voltaje, generando por ejemplo luz, en el caso de 
dispositivos emisores de luz, o corriente eléctrica, en el caso de células solares.  
 
 Existe aún una intensa investigación en este tipo de dispositivos hacia la 
obtención de sistemas eficientes, de bajo coste y accesibles para todo el mundo. En 
este sentido, las células electroquímicas emisoras de luz (LECs) constituyen una 
prometedora alternativa puesto que pueden operar con electrodos estables al aire, son 
fácilmente procesadas desde disolución y están compuestas por una sola capa 
orgánica, lo cual simplifica enormemente su fabricación. Su funcionamiento se basa 
en la presencia de iones en la capa activa que, bajo la aplicación de un voltaje externo, 
se acumulan en la interfase de los electrodos formando lo que se conoce como doble 
capa eléctrica (EDL). La elevada concentración de estos iones favorece procesos 
redox que provocan el dopado de las zonas próximas a éstos, permitiendo la inyección 
de carga, su transporte hacia el interior y la emisión de luz.  Por tanto, los dispositivos 
LECs no precisan de electrodos inestables, y pueden ser procesados fácilmente como 
una sola capa activa. Existen dos tipos principales de LECs, los basados en materiales 
poliméricos mezclados con sales (p-LECs), o los basados en complejos de transición 
iónicos (iTMC-LECs), en los que se usan más ampliamente complejos de transición 
de Ir(III).  
  
 Este tipo de dispositivos han mejorado considerablemente en los últimos años, 
habiéndose conseguido mayor estabilidad, eficiencia de iluminación y un menor 
tiempo de respuesta, lo cual los convierten en serios candidatos para la producción de 
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sistemas de iluminación de bajo coste. Sin embargo, para ello es preciso obtener 
emisión de luz blanca, que junto con la estabilidad a largo plazo, constituyen los 
principales reto de este tipo de tecnología. Ante este contexto, en esta Tesis se ha 
analizado la influencia que diferentes materiales electródicos podían tener en el 
rendimiento de este tipo de dispositivos, fabricando LECs híbridos orgánicos-
iorgánicos. Mediante el uso de óxidos metálicos conductores tipo ZnO o MoO3, cuyos 
niveles energéticos permiten usarlos como inyectores de electrones o huecos 
respectivamente, se ha demostrado que la luminancia, eficiencia y tiempo de respuesta 
de estos dispositivos está muy condicionada por el material usado. Este hecho se ha 
relacionado fundamentalmente con el desplazamiento de la zona de emisión, lo que 
puede favorecer otros procesos como quenching, si se encuentra muy cerca del 
electrodo.  
 
 En esta Tesis se han obtenido LECs híbridos de alta eficiencia y rápido tiempo 
de respuesta usando electrodos modificados con óxidos metálicos, lo que pone en 
evidencia su potencial como, por ejemplo, electrodos intermedios baratos y estables 
para fabricar tándem-LECs. Se ha demostrado por primera vez la posibilidad de 
fabricar tándem-LECs sin necesidad de usar inter-electrodos complejos, con 
adicionales capas dopadas inyectoras de huecos y electrones. Mediante el uso de una 
fina película de Au-MoO3 ha sido posible fabricar tándem-LECs de emisión blanca y 
relativamente eficientes, demostrándose que la inyección de carga a ambas unidades 
del tándem puede realizarse fácilmente gracias a su característico mecanismo de auto-
regulación. 
 
A su vez, también se han construido células solares orgánicas de capa fina, 
fabricadas con un nuevo material fotoactivo híbrido, CH3NH3PbI3, que combina la 
flexibilidad de los materiales orgánicos, con algunas propiedades de los materiales 
inorgánicos, alcanzando como resultado eficiencias realmente elevadas. Se ha 
desarrollado un proceso de síntesis de este material que permite controlar su 
composición y espesor de manera precisa, mediante la evaporación simultánea de los 
materiales precursores PbI2 y CH3NH3I, permitiendo así una elevada calidad en las 
294 
 
películas formadas. Alternativamente, mediante el uso de películas orgánicas de 
semiconductores que actúan como bloqueadores de carga específicos, ha sido posible 
obtener células fotovoltaicas de capa fina de alta eficiencia y altamente flexibles, que a 
su vez son compatibles con procesado vía disolución. Además los dispositivos 
fotovoltaicos fabricados han demostrado gran resistencia mecánica, al no alterar su 
rendimiento tras someterse a continuo estrés mecánico. Por otro lado, modificando 
esta estructura mediante el uso de un electrodo semitransparente, se han obtenido 
células fotovoltaicas semitransparentes altamente eficientes, en los que se combina 
una alta conversión fotoeléctrica con una transparencia elevada, ideal para ser 
aplicadas en fachadas de edificios, como decoración o integradas como ventanas. Las 
eficiencias alcanzadas representan las más elevadas descritas para células simples 
hasta el momento, lo cual denota su tremendo potencial. Estas células representan por 
primera vez una alternativa de bajo coste, abundante y eficiente, a los costosos paneles 
solares basados en silicio que ocupan la mayoría del actual mercado fotovoltaico. 
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